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ABSTRACT 


The thesis deals with finite element analysis of 
deformations and stresses during constructions of earth dams. 
Mica dam in British Columbia, Canada was used as a prototype 
model for the study. Particular attention was given to 
important geotechnical factors that influence results of such 
types of analysis. 

Laboratory studies on stress-strain behaviour, pore 
pressure response and drainage characteristics of compacted 
soils were conducted under high pressures. The studies showed 
that water content, density and gradation of the material 
have considerable effects on their behaviour. Under the high 
pressures used it was observed the degree of grain breakage 
of the core material was relatively small. 

The importance of considering stress path dependency 
of stress-strain behaviour of soil in deformation analysis 
is discussed. Analysis with elastic moduli derived from 
conventional triaxial test data overestimated the field 
deformations. Stress path followed in oedometer test described 
closely the field condition in Mica Dam as indicated by the 
close agreement between analytical solutions and measured 
deformations. 

In addition:to two parameters used in isotropy theory, 
three more elastic parameters are required to describe the 


cross-anisotropic behaviour of compacted soil. Comparison of 
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analyses with isotropic and anisotropic elastic parameters 
showed that the calculated deformations for a model dam did 
not differ greatly. It was indicated that the isotropic theory 
can be used satisfactorily in deformation analysis for the 
range of anisotropic properties expected in compacted soil. 

The influence of relative stiffness between core and 
shells on the core settlement was studied. The important 
role played by load transfer in nonhomogeneous dams was 
indicated. Unfavourable low stresses in the core as the 
result of significant load transfer between soft core and 
stiff shells were discussed. Significant differences could 
result between the pore pressure analyses with and without 
considering load transfer in nonhomogeneous dam. 

Pore pressures in the core partially dissipated during 
construction of earth dams. Procedures for analyzing construct- 
jon deformations including those associated with pore pressure 
dissipation were developed. The usefulness of the procedures 
in practice was tested by analyzing the deformations in 
Mica Dam. Reasonably good agreement was obtained between 


analytical results and observed behaviour. 
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CHAPTER I 
INTRODUCTION 
1.1 The Need for Predicting 
Deformations 

InmeEnesapolication.or Sollemechanics. a distinction 
is commonly made between deformation problems and failure 
problems. Deformation problems are those requiring the 
computation of the displacements which the soil mass will 
exhibit under a given load. In the case of failure 
problems, attention is directed primarily to the ultimate 
shear failure of the soil. 

In the past, most soil bodies or soil structures with 
complex interactions have been designed against failure. 
Without knowing the complex constitutive relationships of the 
soil, the geotechnical engineer can conveniently perform 
limit equilibrium analyses and obtain a factor of safety 
which will ensure that only some fraction of the available 
shear strength is mobilized. Whibhe the consideration of 
displacements is excluded from the limit equilibrium analysis, 
the deformations are still controlled empirically by the 
factor of safety (Morgenstern, 1968). 

The distinction between deformation problems and 
failure problems is actually artificial. The major aim of 
all design calculations is essentially the limitation or 


control of the displacements of the soil mass. The most 
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rational approach to the design would be based upon 
displacements since either local or overall displacements 
limit the utility of an engineering structure. Moreover, 
displacements can be measured directly in the field. The 
control and measurement of stresses may be regarded as an 
indirect approach to the displacements and failure may be 
considered as an extreme displacement condition. 

Before design criteria, in terms of allowable dis- 
placements and related stresses, can be developed for a 
variety of problems a better understanding of general stress- 


strain behavior of soils is necessary. 
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With the increasing widespread acceptance and 
adaptation of rockfill concepts,a greater degree of diversifi- 
cation developed in design and construction practices of dams. 
The type of materials that comprise the core sections of water 
retaining embankments also vary within wide limits. As a 
consequence of this the physical properties of the material 
included in the zones of an embankment may vary widely from, 
one dam to another. The differences in the physical 
properties of materials placed in various dams and in the 
methods of placement are evident in Tables 1.1 and 1.2. 

Because of the preceding factors there is an 
increasing need to improve our understanding of the behavior 
of dams. The effect on the behavior of differences in the 


stress-strain relationships including compressibility properties of 
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the materials, in an embankment are of particular concern. 
Different stress-strain properties of various materials 
in an embankment, in addition to other factors, may result 
in relative displacements and in a transfer of load from 
one material to another or from one location to another. 
The occurrence and effects of load transfer need to be 
understood not only for design, but also for an evaluation 
of the behaviour of the embankment during critical 
construction periods. Advancement in our understanding of 
the factors which influence the behaviour of embankments can 
only be made from an analysis and interpretation of data 
obtained from instruments installed in dams. 
1.3 Possible Consequences of Deformation 
ineearcheand@ Rockit al il) Dams 

Sherard et al. (1963) have summarized some of the 
major courses which lead to the failure or damage of a dam, 
among which cracking has been considered as important. 
Cracking of several earth and rockfill dams and in some 
cases, subsequent failures caused by erosion of soil through 
the cracks have been reported in the literature (Marsal and 
han theZzse 90/5 hatritGk= 1967, =pope 19673" Gordone=and: DUGUT Us 
1970). The development of most type of cracks is the result 
of excessive deformation or differential settlement which 
occurred in the dam. Because of the nature of earth and 
rockfill dams, materials of different compressibility have 


been used within the dam. As a result, the problems due to 
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differential settlement are pronounced. Detailed studies have 
been done by Covarrubias (1969), Lowe (1970) and Krishnayya 
(1973(a)), hence no attempt will be made in this thesis to 
classify cracks in earth and rockfill dams. 

In order to illustrate the close correlation between 
deformation and cracking, the formation of certain types of 
cracks are briefly described as follows: 

(a) Transverse cracks are caused by IEE 
settlement between adjacent lengths of the embankment, 
usually between the portion located at the abutment and the 
portion in the centre of the valley. The worst cracking 
develops when the foundation under the higher portions is 
compressible and the abutments consist of steep and relatively 
incompressible rock. 

(b) Longitudinal cracks are generally produced by 
two types of differential movement. In dams with rolled- 
earth cutoffs which are much less compressible than the 
natural foundationysoil underlying the slopes, longitudinal 
cracking may be caused by the tendency of the slopes to 
settle more than the crest. Dams with central cores of 
rolled earth and upstream and downstream shells of dumped 
quarried rock frequently develop cracks near the crest 
at the junction between the core and the dumped rock sections 
because the rock shells continue to compress appreciably 
after construction while the rolled core does not. 


(c) Interior cracks may occur in dams with narrow 
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vertical central cores of compressible impervious material. 
During construction the core tends to compress more under 
the weight of the overlying fill than the shells do, so 
that a part of the weight of the core is transferred to the 
shells by shear stresses and arching. Within the core, 
vertical stresses on horizontal planes at varwous elevations 
may be very low. This arching effect combined with variable 
Shear strengths developing on the vertical planes separating 
the core and shells, can conceivably result in horizontal 
cCrackstanithe core. 
1.4 Modes of Deformations in Earth and 
Rockfill Dams 
Lowe (1972) and Wilson (1973) have described modes 
of deformations which are of interest to engineers. For 
completeness the modes of deformations are further classified 
as follows: 
(a) Classification based on direction 
(i) Vertical deformation 
(ii) Upstream-downstream movement (movement 
normal to the dam axis) 
(iii) Cross-valley deformation (deformation 
parallel to the dam axis) 
(b) Classification based on loading condition 
(i) Deformation under compacted weight of 
embankment materials (mainly during 


construction) 
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(2) Creep under constant load 

(3) Deformation under water load of reservoir 

(4) Deformation under effect of saturation 

(5) Deformation under rapid drawdown. 

In the investigation that forms the basis of this 
thesis only deformations during construction have been 


considered. 


1.5 Brief Review of Previous 
Studies 


Gould (1953) summarized the compressibility during 
construction of the impervious sections of more than 20 
large earth dams in the Western United States. He noted 
that for stresses below a value of approximately 100 psi, 
the compaction water content had the greatest influence on 
compressibility. Embankments constructed with relatively 
low average water contents showed low initial strains in the 
compression curves while those constructed with a water 
content at or above standard Proctor optimum were characterized 
by high initial strains. However, for pressures exceeding 
about 100 psi, he observed that the compressibility was 
more or less independent of the compaction water content 
and was governed by the gradation and plasticity of the 
embankment soil. As seen in Table 1.3, the embankments can 
be grouped roughly according to their soil properties in 


order of increasing compressibility. As part of his 
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observations, Gould also concluded that the compression 

in the central portions of the dam, where the measuring 
devices were installed, took place essentially in a vertical 
direction, as though the material had complete lateral 
restraint. While this study gave much valuable information, 
it revealed little about the influence of the type and 
intensity of the compactive effort on compressibility of 

the embankment. 

Nonveiller and Anagnosti (1961) proposed a plastic 
equilibrium analysis to study the stresses and deformations 
in a narrow clay core supported by less compressible rockfill 
shelhs snail hesanabys 1S, dismegards the stresses and deformations 
existing under elastic equilibrium conditions, and hence it 
is less suitable for use in investigating dam behaviour under 
working loads. 

Goodman and Brown (1963) were the first to consider 
the differences between incremental construction and 
instantaneous loading in the stress analysis of embankments. 
They did not, however, evaluate the deformations of the 
system in their analysis. 

Clough and Woodward (1967) used the finite element 
method to do a comprehensive study on the differences between 
"switch-on-gravity" and "sequence" analyses. A standard 
embankment was analyzed by considering it to be constructed 
lal edaeSallOuliGe leivatesOYe 11 O)0stlah Uoewee heya GOUNd, wane eS.ind key Step 


analysis gives a satisfactory approximation to the stresses 
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in most respects, but the displacements were found to be 
quite strongly affected by the construction process. The 
horizontal displacement results were similar in both cases, 
but the vertical displacements for the two cases demonstrate 
entirely different deformation mechanisms. The single lift 
vertical displacements were seen to be largest at the top, 
due to the fact that these were merely the integrated strains 
developed over the full height. On the other hand, the 
incremental analysis showed zero vertical displacement at the 
top and the maximum vertical displacements at midheight. 
Clough and Woodward concluded that displacements to be 
expected during the construction of an embankment can be 
predicted only if the analysis is Carried out sequentially 
following the construction history. In their analysis, 

they did not consider pore pressure effects. 

Squier (1967) undertook a comprehensive study of 
deformations measured in four rockfill and earth dams. He 
noticed that the movements in the core were influenced by 
load transfer. Various modes of load transfer (Fig. 1.1) 
may exist in an embankment as a result of a relative 
displacement between the core and the shells. In the dams 
Otleniseestudy, load transfer occurred primarily from the core 
to the rock shells during and after construction, but prior 
to reservoir storage. During reservoir storage, because 
of saturation and displacement of the upstream shell, load 


transfer occurred from the shell to the core. 
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Kulhawy et al. (1969) employed nonlinear, stress- 
displacement, stress-strain relationships for the tangent 
modulus and tangent Poisson's ratio of embankment materials 
to study the performance of earth and rockfill dams. The 
stress-strain parameters required were determined from the 
results of laboratory triaxial tests with volume change 
measurements. The effectiveness of the procedure was checked 
against the measurements in Otter Brook Dam during construct- 
ion and the observed and calculated movements were found Cope 
in good agreement. Since the stress-strain behavior of soil 
is also path dependent, this approach may not be used for 
stress paths deviating significantly from the conventional 
triaxial stress path. 

Penman, et al. (1971) performed finite element 
analyses to predict the deformations in Scammonden Dam during 
construction. In their analysis, they employed constant 
values of Young's modulus and Poisson's ratio. These values 
were derived from the results of one-dimensional compression 
tests on the embankment material. Despite the simplification 
of nonlinear behaviour of the material, the method gave 
fairly good agreement between the calculated values of 
settlement and horizontal movement and those measured during 
construction. 

Wilson (1973) reviewed the senpermandiad of several 
earth and rockfill dams and reported that the compressibility 


of a rockfill increases as the uniformity and average size of 
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thesrockwincreases.sandnasathe,quality iof.the,rocksdecreases. 
The compressibility of dumped rockfill is greater than that 
of compacted rockfill. He suggested in order to minimize 
the settlement during and after construction, the shells 
of a dam should be constructed of well graded, unweathered, 
haecerockwlOueO msandgand gravel. ...he.fillshould,be.spread 
in layers, watered or sluiced, and well compacted. 

Lefebvre et al.(1973) investigated the accuracy 
with which two-dimensional analyses may be used to study 
stresses and movements in dams in V-shaped valleys. By 
comparing the results of two-dimensional analyses and 
of three-dimensional analyses of hypothetical dams in 
valleys with three different vally-wall slopes, they concluded 
that for dams in valleys with valley walls inclined at 3:1] 
or flatter, plane strain analyses of the maximum transverse 
section will provide reasonably accurate results for both 


stresses and displacments. 


1.6 Purposes of the Present 
Investigation 


A brief review of previous studies in section 1.5 
has indicated that a completely satisfactory procedure to 
deal with deformation problems in earth dams is not yet 
available. Sincea need for certain improvements is obvious, 
the present investigation was undertaken with the following 


objectives: 
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(1) To investigate laboratory procedures to 
determine the stress-strain relationships of soils which would 
simulate field conditions and which would be applicable in 
design practice. 

(2) To perform analytical studies that contribute 
to an understanding of the influence of various factors on 
deformations and stresses in dams and to verify such studies 
using the data derived from the observation of a real dam. 

(3) To develop a procedure for a more reac Ohab ie 
prediction of the deformations in earth dams during 


eons tr uction. 


iy Outline of the Thesis 

The thesis is organized in following sequence: 

Chapter II describes the laboratory studies on the 
stress-strain behaviour of soils. Investigations of the 
influence of water content, density (relative to the method 
of compaction), gradation and maximum grain size on the 
compressibility of Mica Till are discussed. Compressibility 
and drainage characteristics of the Mica Till under high 
pressures are reported. Procedures for obtaining elastic 
moduli from oedometer and isotropic compression tests are 
proposed. 

Chapter III describes the parametric studies carried 
out to investigate the relationship between relative magnitude 


of core and shell moduli and the degree of load transfer 


















if | “ 8 


af essibsoov9 wroteqodsTr Sohal nie SON S) 7 

tbivow notdw: elrore ta Bd ie ntevteveaante oes atwnaseh 
at eidbatiaqe ad biwow d3tdwobne nots Fomoa bier? siwteme 
in ; : 


3 
= ae 
': Sgypdteitnos Fatt esfoute Psoreyrens nvornsy oT ($} 7: es 


10 4s 767 eu0TrYEV TO sargutInt ant to pnt biesenstin v6 oF 
Sii4 d5u2 vt ‘Sy OF DBAS Stee TF Esezovte bits enohismoteb 


é to noresvvsede Bad aot baytteb stab oi! boven * : 
s[dsnd2esay ‘siom s 107 saubsoenq ® galsvebuut ft) * cl =e 
onftyuvb.emeb Ay 189: AI 2notdamrotab saz to. onthe 


nef touasenos 






- 
a 


ave Ene} 1929 





ionsupse pnkhwohhot af GSS TREDYOmaF 2reond gat 
4» 26 hous vod eyod & fay) radtaaeay IT tater 
ant to znots+apttesvnt 2fto2 706 71Hat Vented wi anteeaaenve: 


bodtan oft of Sviaeiat) iP enee <Ivatnos nStan TO oOnmeTTAE: | 


adit no sshe feo, MUM LéH BIS aoisebere « (NOT ToeQmeD. Yo 

Witlidtezsiqmo? ,bseeus2tb 976 aa “ROEM to. inane _ 
ce) i = 

dprd Adbau TTY BotM ede to 23 fia bisd batt sito spanterh bag: i. 


Brs2615 ptaAtstdo oF 29 1ubss0mg. . a 


BYs. ef2st Pat aeornainig ataeioapt se 


4". . ie er _ 








Pe 
The differences in deformation and stress results obtained 
from analyses with and without considering anisotropic 
properties of embankment materials are examined. 

Chapter IV describes a procedure developed for 
analyzing the deformations in earth dams during construction. 
The influences of the pore pressure dissipation on deformations 
are considered in the procedure through calculated effective 
stress changes. 

Chapter V illustrates the applicability of the 
procedure developed in Chapter IV in practice. This is done 
by verifying it against the case history of a prototype 
model, namely Mica Dam. 

In Chapter VI, the conclusions from the investigations 


are made. 
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Fig. 1.1 Modes of Load Transfer 
(after Squier, 1967) 
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CHARTERED I 


LABORATORY STUDIES ON STRESS-STRAIN 
BEHAVIOR OF SOILS 


Zl Int eoanevion 

In an analysis of the deformation of a soil 
structure, the most relevant material property to be defined 
is the stress-strain behavior of the soil. The finite 
element method, introduced to geotechnical engineering in 
about 1966, has provided the geotechnical engineer with 
a powerful analytical tool to solve various deformation 
problems involving complex boundary conditions and material 
non-homogeneity. However, the accuracy of predicting soil 
deformations with the finite element method depends mainly 
on how accurately the constitutive relationships for the soil 
involved is modelled. In their state-of-the-art reports 
Desai (1972), Duncan (1972) and Eisenstein (1974) repeatedly 
emphasized this point. 

As a result of the particulate nature of) the skeleton 
of a soil, the stress-strain behavior is much more complex 
than those for man-made engineering materials, such as steel 
and polymers. The amount of strain caused by stress in a 
soil depends on the composition, void ratio, past stress 
history of the soil, and the stress path followed during the 


history of loading. Volume changes also take place due 
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to factors such as pure shear and rotation of principal 
stress axes. A general constitutive law which can 
describe or define behavior of soil under any possible 
states of stress and deformation is very difficult to 
derive and is not yet available. 

Although a general constitutive law for soils is 
not yet available, various constitutive models have been 
proposed by a number of authors. Some of these models are 
briefly reviewed in this chapter. There are generally two 
different approaches used in such models: (1) utilizing 
OnlyeehastienthegrVaGa) eutil izing sp hastic-theorys.-.In.the 
elastic models, attempts are made mainly to account for 
nonlinearity observed between stress and strain in soils. 
The models which use the plasticity approach have more 
variations which are based mainly on the type of yield 
hunetion andathe atype.of-flow,nule. / It \iseinteresting ta 
note that the majority of these approaches employ some form 
of empirical curve fitting process. In nonlinear elastic 
models, curve fitting is used to simulate the stress-strain 
Curves so that stiffness parameters may be determined at any 
stress level. In plasticity models a flow rule is usually 
determined by a curve fitting technique (Audibert, 1972). Because of 
this curve fitting processand path dependent nature of stress- 
strain response of soils, the accuracy of describing the 
deformation behaviour of soil structure with these models, 


in particular, nonlinear elastic models is highly dependent 
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19 
on how close the laboratory test simulates the field situation. 
With the consideration of previous comments, the oedometer 
compression test was used to study the stress-strain 
response of Mica Till in this investigation. 

Teisitcihought éthat Gioading conditions in ithe core: of 
Mica Dam during construction followed a Ky (no-lateral-strain) 
path to a large extent 

Although a few plasticity models (Roscoe and 
Burland, 1968) have been demonstrated that adequately amunleves 
certain classes of soil behavior observed in laboratory tests, 
no comparison has been made with field observations in dams. 
The proof of the adequacy of nonlinear elastic approaches 
has come from the successful use of these models in analyses 
of observed field behavior (Kulhawy and Duncan, 1970; 
Eisenstein et al., 1972; Nobari and Duncan, 1972). In view 
of this, a nonlinear elastic model (or incremental elastic 
model) is used to describe the soil behavior in this study. 
2.2 Brief Review of Constitutive 

Models 

Desai (1972) and Duncan (1972) have reviewed various 
CONStILULIVe MOdelS proposed) for SsoTls.. @lne this section, 
an attempt is made to discuss briefly some important aspects 
of several models; such as the number of parameters needed 
to define the model and the advantages and limitations of 


the model. 
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Linear elastic models. Only two elastic parameters, 
viz. Young's modulus and Poisson's ratio or bulk modulus 
and shear modulus, are needed to describe the stress-strain 
response of a material. The advantage of the model is 
simplicity of application. However, because the stress- 
strain response of soil is strongly affected by the state of 
stresses and strains, it is rather difficult to determine 
appropriate constant values for the elastic nayraiie beret 
Despite this limitation, an interesting practical use of 
the linear elastic model has been demonstrated by Penman et 


al., (1971), Cole and Burland (1972) and Simmons (1974). 


Incremental elastic models using Young's or shear 


modulus and Poisson's ratio. In these models, the loading 
sequence is broken into small steps and for each load in- 
crement, a linear elastic constitutive law is employed. The 
elastic modulus is calculated by determining a tangent to 

a stress-strain curve for a given stress level. Poisson's 
ratio may be varied as well. 

The main achievement of these models is the close 
simulation of the nonlinear stress-strain response of a soil. 
The disadvantages are that dilatancy and strain softening be- 
haviour cannot be modelled, since these would require use of a 
Poisson's ratio greater than 0.5 and a negative modulus 
respectively. Elastic theory is simply invalid for these 


two cases. 
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In the application of the technique just described, 
several forms of representation of stress-strain curves were 


employed. These are described briefly as follows: 


(a) Bilinear Representation 


[nestetualestiress-strain curve of a soTl 75 
represented by two straight lines. The soil has a relatively 
large value of Young's modulus before failure, and a 
relatively small value (close to zero) after failure. This 
form of representation has been used in several finite 
element analyses (e.g. Dunlop, et al. 1968; Dunlop and Duncan, 
1970; D'Appalonia and Lambe, 1970; Palmer and Kenney, 1971). 
The disadvantage of this procedure is that the stresses in 
some soil elements inevitably are found to exceed the 
assigned strength values before the value of the modulus is 


reduced. 


(b) Hyperbolic Function 
Representation 


The nonlinear stress-strain curve of soil is 
represented by a hyperbola approaching a straight asymptote. 
This hyperbolic representation was proposed by Konder and 
his co-workers (Konder, 1963; Konder and Zelasko 1963) and 
subsequently used in finite element analyses by several 
researchers (e.g. Kulhawy et al., 1969; Duncan and Chang, 
1970; Clough and Duncan, 1971). In the procedure, the value 
of Young's modulus for a given stress level is defined as a 


tangent to the corresponding hyperbolic curve. In analyses 
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2a 
using this model, the effects of confining pressure on the 
SEGess=ctraim peldviom arevalso antroduced. The effects are 
represented by using empirical equations to express the 
variations of hyperbolic parameters with confining pressure 
(Duncan and Chang, 1970). 

In this model, tangent Poisson's ratio varying 
with the stress level was sometimes introduced. By applying 
a similar formulation procedure as for Young's mOcmie to 
the volume change data from triaxial tests, Kulhawy et al. 
(1969) had used varying tangent Poisson's ratio values in 
their analyses. 

A total of eight parameters is needed to describe 
completely the variations of tangent Young's modulus and 
tangent Poisson's ratio. These can all be determined from 
conventional triaxial tests with volume change measurements. 

The advantages of the model are the nonlinear stress- 
strain behaviour of soil is approximated better than with 
bilinear representation, and the variations of tangent 
Poisson's ratio with the stress level may be incorporated 
Thos eb Ne. candy Shsit inhbhe himitathonioef the modehehs that it 
LSesic anc bhy, Vashid eior ploadnng icondit tons is imiskar to that in 
conventional triaxial tests and thus a more general path 
dependency of the stress-strain curve may not be resolved 


with this model. 
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(ch) MS) i nee Fune tion 
Representation 


A spline function was proposed by Desai (1971) for 
use in representing the nonlinear stress-strain curve of 
soil in finite element analyses. The nonlinear tangent 
Young's modulus and Poisson's ratio were calculated as the 
first derivatives of the bicubic splines which described 
the conventional triaxial test data with volume change 
measurements (Desai and Abel, 1972). While this model has the 
same limitation as the hyperbolic function model, it exhibits 
the advantage of being able to represent the actual experimental 


data to any desired degree of accuracy. 


(d) Digital Representation 


In the digital representation, a number of closely 
Spaced points on an experimentally obtained stress-strain 
curve are given as input. The modulus, which is calculated 
by considering two adjacent points (chord slope), approximates 
the tangent modulus. Krishnayya (1973(a)) employed this 
procedure to represent triaxial test results, and hence to 
determine the nonlinear shear modulus and Poisson's ratio 
used in the analysis of cracking of earth dams. 

The advantage of the procedure is that no approxi- 
mation is involved in representing the actual stress-strain 
relationship. Moreover, if the test data are expressed in 
invariant forms for the derived moduli (Krishnayya, 


1973(a)), the procedure may be used for various tests 
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(ie G-mep tania ¥s Dra tn rbes:t.s tconisitantiasitries Ss) Yabio! ctmiaxial 
test) with stress paths other than the conventional triaxial 
stress path. The disadvantage of the procedure is that it 
involves greater computational effort than function represent- 


ation methods. 


Incremental elastic models using bulk modulus and 


Shear modulus. The stress-strain response system in a soil 
mass, idealized as an elastic body, can generally be separated 
into two distinct components, namely, volumetric and Fev ator ic. 
The volumetric stress and strains, and deviatoric stress and 
strain are uniquely related by bulk modulus and shear modulus 
respectively. The use of bulk modulus (K) and shear modulus 

(G) has the advantage over the use of Young's modulus (E) and 
Poisson's ratio (v) is that the distinct behaviour of these two 
components can be more appropriately characterized. This 
advantage is even clearer in describing the soil behaviour after 
failure. The reduction in shear resistance with relatively 

no change in compressibility behaviour can be conveniently 
described by a low shear modulus and a constant bulk modulus. 
However, for the model using E and v, if the value of E is 
reduced to represent the soil behaviour after failure while 

the value of v is maintained constant, the compressibility of 
the soil is inevitably overestimated. The models utilizing 

bulk and shear moduli had been employed by Clough and Woodward 
(1967) and Girijavallabhan and Mehta (1969) in their finite 


element analyses, and by Morgenstern and Tamuly Phukan (1969) 
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in the study of stress-strain behavior of sandstone. 

In the study of stress level dependencies of bulk 
and shear moduli of a sand, Domaschuk and Wade (1969) performed 
the isotropic compression and pure shear (constant mean 
normal stress) triaxial compression tests. The same procedure 
may be useful for obtaining the parameters needed in current 
stress-strain models. The limitation is that constant mean 
normal stress triaxial compression tests are not $0 easily 
performed as conventional triaxial tests. Unless a servo 
control mechanism is introduced, continuous attention is needed 


to maintain constant mean normal stress by reducing o., (cell 


3 


pressure) and increasing o, during the test. 


] 
Audibert (1972) did a comprehensive laboratory testing 

program to study the capability of the bulk modulus - shear 

modulus model. It was concluded that the model can adequately 


describe the soil behaviour under a variety of stress path 


loadings. 


Elasto-plastic models. In these models, generalized 
Hooke's law is used to describe the stress-strain relation- 
ship of soil before yielding. After yielding, it is assumed 
thatethesso;l becomes perfectly plastic and the principle 
Ofaneormahrty holds. In order. fo cChardcterize: thes pehav our 
Oredegeneraletype Of Soil in which Vieldingeaseattected 
by both deviatoric and volumetric components of stresses, 
the extended Mohr-Colulomb failure criterion postulated 


by Drucker and Prager (1952) is usually used. 
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This yield function takes the following form: 


ye 


where a, k are material constants, Jy ISehitstestress 
invariant and Jno is second invariant of stress deviation. 
The use of this technique in two dimensional | 
finite element analysis for excavations in rock has been 
illustrated by Reyes and Deere (1966) and Chang et al. (1972). 
The advantage of elasto-plastic models over models 
reviewed previously is better descriptions of the deformation 
behaviour after yielding. However, as discussed by Pariseau 
et al. (1970) because of dependence of yield on the volumetric 
component of stress and the application of the principle 


of normality, the models are limited to those materials which 


increase in volume upon yielding. 


Elastic-work hardening plastic models. These models 


were mainly developed by Roscoe et al. (1958) and Roscoe and 
Burland (1968) as the results of comprehensive work at 
Cambridge University in the area of constitutive equations 
for soils. As of this date, the theories suggested for 
normally consolidated clays are more advanced than for 
granular materials. Two models named "Cam Clay" and 
"Modified Cam Clay" were presented for describing the general 
stress-strain behaviour of normally consolidated or slightly 


overconsolidated clays which exhibit a decrease in volume 
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Upon -thesapplication of shear... “In the Cambridge theory, 
several assumptions regarding the elastic or recoverable 
behaviour of clays are made. Pies t.atnempilik modulus of a 
soil is assumed to vary linearly with volumetric stress. 
Secondly, Roscoe et al (1958) assumed that the soil is 
rigid-plastic in shear. Third, it is assumed that there is 
never any recoverable energy associated with Spedned usiLOmti on. 
Nomomgesllit ml tmtherstuessmstate of 1a soil sample lies wholly 
within an elastic region the only strain that occurs ‘ig 
volumetric. 

By comparing these models with other elasticity 
approaches, it becomes clear that current procedures treat 
many of the facets of the constitutive behaviour of soil 
more rigorously. However as far as is known, only Smith 
and Kay (1971) have introduced these models in finite element 
formulations and used them to predict the soil behaviour in 
a laboratory test with reasonable accuracy. No examples are 
available that shows the use of these models for real earth 
Structures.» The abilicy wor these models to describe the 
SOUMIMDeENAVIOUL SInetUliescale=structures is Unknowneat this 


time. 
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AsSrekormulations of Stress-Strain 
Behaviour 


The strains experienced by an element of soil are 
the result of strain within and relative motions among the 
many particles forming the element. Formulations of stress- 
strain behaviour of a soil element have often been based on an 
understanding of the mechanism of particulate system response to stress, 
Since some previous studies are considered to be useful in 
explaining the stress-strain function employed in present 
investigations they are reviewed in the following paragraphs. 
Brandt (1955) studied the behaviour of granular 
materials under hydrostatic stress by modelling the materials 
with various packings of spheres. Hertz's contact theory 
was considered applicable at each contact in these models. 
The theory (Timoshenko and Goodier, 1957) indicates that the 
centers: oOfe two, perfectly linear elastic spheres in contact 
under a normal force, N, will approach one another by an 


amounts y ALL@mu Ven aby: 


2 
2 poo 
ie eas? (3 aoa N43 (2.2) 


Where Rois) radius of spheres, Vis’ Poisson's ratio and E 

is Young's modulus of the material comprising the spheres. 
The result of using this theory, wWassthe tormulavion 

of a proportional relationship between the volumetric strain 

in granular material and the two-thirds power of the external 


hydrostatic pressure. This relationship may be simply 
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expressed as: 


av 1s e¢ape 2m 
where AV/V is the volumetric styvatos Cahis@a constants riedaited 
to the proportion of the material and P is the hydrostatic 
pressure. 

Ko and Scott (1967) performed hydrostatic compression 
tests on Ottawa sand and studied the Valvditye ot Hertzos 
contact theory. They found the measured volumetric Sad el ts 
which was believed to be mainly the result of contact 
deformations between the sand grains, increased less 
rapidly than the two-thirds power function. It was explained 
that this behaviour occurred as a result of the increased 
number of contacts between grains continuously being created 
as the stress was increased. 

In a study regarding the elastic behavior of Sand, 
El-Sohby (1969) postulated that elastic deformation of two 
Elastic bodies in contact was generally proportional to the 
applied force raised to some power 'm'. The value of m 
depended mainly on the rate of increase of the area of 
contact (E1l-Sohby, 1964). If the rate of increase of CON TAGt 
area was similar to that of point contact between two spheres, 
m= &, Basec on Lis nostulate: one expressed She axial 
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Sith dui Ns = en in a mass of nonyielding and noncrushing 


particles of sand voaused by a raise in axial pressure from 
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where ee ys €lastic cCompresibility factor in the-axial 
direction and mis the average elastic power factor. Using 


ihe=same pDrInicple as eq. (2.4) for eMC Gl I EUSe he Suey ese 
Chemelastic volumetric strains. Vee under axial symmetry 


stress conditions was further derived as: 


S m a_ym_ m 
ve area ao its) a (1 7 Zug) ok rer are) 
Cr m 
Wig) ioe hut wren ales (2.5) 
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where Bra? Har? ana 


packing characteristics, Shee Serie elastic wompres 1 bali ty 


Poco Mmeican adh dill rectlon. oe ISPthe inieral radial 
pressure and om is the radial pressure. For material having 
equal elastic compressibility factors in three principal 
directions and stresses under constant stress ratio conditions, 


colin edmrornpot equatione(255) can be obtained. [his 


relationship takes the following form: 


a he ae a m eve 
Uae OES Gas rea) Meath (Serna min (2.6) 
where S§ = 3 oe (1 + aul) = Ce a (Tue Bh cs! We? 
bg et: ie. Sao 
or Pro 
: : (Fat 204) 
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R is constant stress ratio, P is applied mean normal pressure, 
and as is initially applied mean normal pressure. 

In the studies outlined so far, only the volumetric 
component of total strain was discussed. However, in 
SOMimuUNndemestress.etne total strain, generally consists of 
Slip strain which is plastic or irrecoverable strain and 
elastic strain which is recoverable. A comprehension review 
regarding the mechanisms of these two strain pomeomeni was | 
given by Rowe (1971). Taking these two components into 
consideration, he presented a stress-strain relationship 
for granular material stressed under anaxisymmetrical constant 
Unesco aLlOmcOnaievons as: £0) lows - 


Es Sern ] 
EIR eel tot) (= ) LS, - 213 S. ain (267) 


where Ei is the total major principal strain, 07 is effective 
major principal stress, R is ratio fi effective major principal stress 
LORCRECGUIVeRMINOGEUGINGIDAleStress. 1 15 fatio ot Silipestrain 
Lome losmicns uri ieciiingeconstant. k= stress path, — IS Young us 
modulus of the mineral comprising the soil particle, S103 are 
coefficients of the non-linear elastic strain equation due to 
a stress change in the principal stress direction 1 or 3 
only, 143 is a coefficient which as a function of packing 
characteristics, and m is an elastic power factor. The 
CXCTEICICH S Scat adhd are TuUncCtIONnSwoOpathe Soll, structure 
which are usually treated as constants during a stress path. 


As reported by Rowe (1971), the values of m and S for some 
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Sands such as dense Welland River sand were found not to vary 
Significantly even between tests at different R. TN) Ss ea 


pected tacos tant kh Gonditiona where Kk = tan® 45 + oF 


( ue 
and Oe is equivalent angle of friction between particles 
and f is constant for a given material ata particular void 


ratio, then equation (2.7) can be expressed as: 


of m 
where 
33 
ES ea) [S, = 213 am = seconstant. 


It may be noted that the stress-strain relation in 
the oedometer test can be expressed by substituting the value 
Cet ad tak = z in above equations. For R > K condition, 

f deviates Ac being constant and tends to increase with 
pressure. : 
2.4 Stress Path Dependency of Stress- 

Strain Behaviour 

The deformation response of soils is path dependent. 
iiiseractihdas been sil lustratedaby Lambe 1969n pesige, 9134) 
WithesStiess—Strainecunves obtained from Enidaxia | atest seu sa tg 
Various loading conditions. Fora material with this behaviour, 
stresses, strains, and deformations should be determined by 
proper integration along the path of loadings Within a soil 


mass under load, different elements may undergo different 
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stress paths. Ideally, tests for determining material 
parameters should embrace all possible stress paths which 
would eventually occur. This requirement may be impractical 
due to the complexity of a general constitutive model and 
the limitations of testing techniques. Thus, tests following 
One stress path which can characterize the behaviour of host 
of the soil mass are usually performed. The importance of 
considering stress path dependency of the stress-strain 
behaviour of soil in predicting deformations has been repeat- 
edly emphasized by Lambe (1964), Desai (1972), Duncan (1972) 


and Eisenstein (1974). 


2.5 Derivation of Elastic Moduli 

The procedures for deriving nonlinear elastic moduli 
have been developed and used in analysis by several researchers 
(Kulhawy et al., 1969, Kirshnayya, 1972(a)). These procedures 
were essentially established to use conventional triaxial 
test data. However, in some cases the elastic moduli derived 
from the tests other than conventional triaxial tests are 
needed and the previous procedures cannot be directly applied. 
In the present study, stress-strain behaviour during oedometer 
compression test is of major interest. Thus, the procedure 
of deriving moduli from this test has to be developed. Plane 
strain test was not considered in the present study due to the 
fact that such apparatus is seldom available in practice. 
Even if the apparatus is available, high pressure testing is 
difficult to be performed. Furthermore, due to modern 


compaction technique the stress state in the major part of the 
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34 
dam is perhaps closer to that under one-dimensional rather 
than plane strain condition. 

In the oedometer compression test, the elastic moduli 
of the sample can be completely determined if the radial stress 
is measured during the test. Bishop and Henkel (1957) have 
suggested a method of performing one-dimensional compression 
tests in conventional triaxial cell in which the radial stress 
could be measured. This procedure is acceptable for a low 
pressure range but is less ideal for a test with high sustained 
loading. An oedometer in which the radial stress could be 
measured during compression under high pressure was presented 
by Brooker and Ireland (1965). A somewhat similar approach 
was attempted in the present study, but for simplicity the 
strain gauge attached to the cell, rather than pressure chamber, 
was used to measure the radial stress. However, it was found 
that the radial stress could not be measured as successfully 
as expected. In order to achieve complete determination of 
elastic moduli another set of stress-strain relationships is 
needed. The isotropic compression test on nearly idential 
samples was therefore used. 

FeOmesection 2.35 teas Clear that the Stress=straan 
relationship in a constant stress ratio test is a power functtion. 
Although all the formulations were derived for granular 
Materidls.a1t was thought that for Mica till which contains @ 
small percentage of clay sizes, the same principle might also 
hold. The general expressions for the oedometer compression 


test and isotropic compression test results may be presented 
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as follows: 


oO 
Oedometer compression test: ey 1= Ch (st)? (2.9) 
a 
Isotropic compression test: et men ¢ (oa (2640) 
V K Ee 


where €, 1s the vertical strain, ico thervolumetric strain, 
O,' is the effective vertical stress, o' is the effective 
isotropic stress, and Cy> Cys a, b are constants. The term 
me denoting atmospheric pressure, is introduced so that Cy» 
Cy are pure numbers. For practical purposes, the constants 
Cys Cys a and b are more conveniently determined from 
compression test data rather than evaluated from the physical 
meaning of the components involved in the constants. Equation 


(2.9) can be transformed into logarithmic form as follows: 


oO 
log e = log Ch paecenliO.G (5) C2 b) 


Constants Cy and a can Pie peony determined by drawing 

a straight line through €, Vs ip) data plotted on a log-log 

scale. A similar procedure can be used to determine Cy anid be 
By deferentiating equation (2.9), the tangential 


constant modulus can be expressed as a function of vertical 
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Assuming that samples having the same volumetric strains 
are under the same mean stress, the mean stress corresponding to 


a given Oo in the oedometer compression test can be evaluated by 
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36 
equating Ey and Ey in equatdiones wee We ands clr2).hi0))-.mo rh its 
assumption describes closely real soil behavior for the case 
where volumetric strain due to shear is not dominant, for 
example, dense soil under one-dimensional compression. The 
applicability of this assumption on the test samples will be 
discussed in a later section. 

The equation which may be used to evaluate the mean 


stress corresponding to Oy Can be expressed as follows: 


G O75 Ja 





(G7ee3:) 


Inemrangenvials bulksmodulus as a function of 1sotropic 


stress can be obtained by differentiating eq. (2.10). 


ae) 
Vv K Con) 


UsvinOMme dears iz nen? lo) and. (2.14), the ettective 
constrained modulus and bulk modulus at a particular O71" 
stress level can be evaluated. It may be noticed that eq. 
(al apeandatc. 14) sare, only Valid, for non-zero stress states. 


Subsequently effective Young's modulus and Poisson's ratio 


can be determined simply from Hooke's law: 
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37 
The preceding procedure may be described more clearly 
by the schematic illustration shown in Fig. 2.1. The results 
of oedometer and isotropic compression tests on identical 
Samples are presented with a common coordinate for strain. 
The use of the common coordinate for strain is acceptable 
because the axial strain (é,) in an oedometer compression 
test and volumetric strain (e,) in an isotropic compression 


Vest dresbotn equal to-strain “nvariant . oe CNeeiesg = 


OCs 
2.1, for a known magnitude of effective major principal 
stress; Oa, the tangential “constraint modulus EO Can be 
obtained from the tangent to the oedometer compression 
stress-strain curve presented in the upper quadrant. From 
the same curve, the axial strain or strain invariant, ob, 
corresponding to the same stress can be determined. For 

the same strain the tangential bulk modulus, K', and the mean 
Suess. UC wail cChe corresponds sto the =stress level ain the 
oedometer compression test, can be evaluated from the 


isotropic compression stress-strain curve presented in the 


lower quadrant. 


226°°The Need’for High Pressure Tests 


The increasing use of high earth dams requires that 
soil engineers provide information on the strength-deformation 
and drainage characteristics of soils under high pressure. In 
the case of Mica Dam, which rises about 650 ft. 
above the river bed and some 800 ft. above the lowest 


point in the underlying bedrock channel, the normal 
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stresses existing near the base of the embankment are much 
higher than those usually encountered in soil engineering 
practice. Since the deformation and drainage characteristics 
of some soils under high pressure may be significantly 
different than those under low pressure, it is unreasonable 
to use information obtained from low pressure tests and extra- 
polate them to high pressures. It is known that grain breakage 
eausesdcuushing andtleadsmtoOistraineinsaddition eG the strains 
occurringin soil with rigid particles. Moreover the coefficient 
of consolidation may vary with the stress level. High pressure 
testing is especially important for Studying the influence 
Of grain breakage on the stress-strain behaviour of soil and 
the value of the coefficient of consolidation at high 


pressures. 


2.7/7 Experimental Equipment 
Aa Nee Oedometer Compression Cell 


The cell is a modified form of the Rowe consolidation 
cell (Rowe and Barden, 1966), and is illustrated in Ea Cieee cree 
TeevVileweormethescel l@diringatesting 1s shown in figwac sowie 
is designed to test specimens 4 inches in diameter and 4.5 
IncChessinalengrhs Since this is the standard sample saze 
prepared by many available compaction machines, its use 
avoids the disturbance caused by trimming. The major parts 
of the cell are constructed with stainless steel in order to 
minimize the deformation of the cell under high pressures and 


LOMDLCVEM aU CmIUst Mh OuGt tines parts an contact with water. 
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The; main modification of the cell is the addition of an 
almost frictionless boundary between the soil and the ring. 
This is done by adding a teflon sleeve anda greased rubber 
membrane as shown on Fig. 2.2. 

A uniform vertical load is applied to the sample by 
means of air pressure acting on water or mercury covering 
the belofram jack. The air pressure generating system is 
adopted because of the simplicity in Operation ad Maintainence 
of the pressure as high as 750 psi for a considerable period 
of time. The required pressure is controlled by an air 
regulator and the actual pressure is measured by a 2000 psi 
tRansducergtOsan accunacyoofu025apsiwi ithe disadvantage of the 
system is its potentially explosive nature. However, by 
exercising considerable care during the tests avoiding any 
sudden release of the high pressure, and performing the tests 
in an isolated room no accident has occurred throughout this 
investigation. The use of a top chamber filled with water 
was found effectively to minimize the diffusion of air through 
the belofram and into the soil. This arrangement was used 
for most of the tests. 

The vertical settlement is measured at the center 
of the sample by means of a rod attached to the jack and passing 
out through,the top cover to an LVDT. With this set-up, the 
settlement can be measured to an accuracy of 0.0002 in. Two 


rolling ‘o' rings are used to prevent the leakage through 
the spacing between the rod and cover and also to provide a 


frictionless guide during its movement. As a safety precaution, 
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a dial gauge was sometimes added in order to have immediate 
detection of any unexpected movement resulting from failure 
of the pressure system. 

Top and base drainage can be controlled through the 
drainage control valves attached to the base plate and top 
cover oT sthevcell. “The top drainage outlet is provided by 
a tube sealed through the jack and leading directly to the 
top drainage control valve. Pore water pressures can be 
medslredwat the base with a high air entry ceramic stone. A 
stone having the same air entry value as those used on the 
prezometers was installed. The air entry value is 2 bars. 

In order to have proper comparisons with the observed piezometer 
readings, the pressures are registered by a transducer 

connected to the stone and are measured to an accuracy of 0.2 
psi. This arrangement provides full control of drainage, 
undrained pore pressures and back pressures. 

There are several important features which make this 
hydraulic loading system more attractive for the present 
study. These features are as follows: 

(a) It is simpler to provide higher loads for large 
diameter samples than conventional dead load systems. 

(b) The sample is not subject to vibration effects 
magnified by a lever system. 

(c) Drainage can be controlled. The load can be 
applied with the drain closed, allowing a full development of 
the undrained pore pressure. The dissipation stage can be 


started from an equilibrium pore pressure condition at a 
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4] 
chosen time. 
(d) Back pressure can be easily applied. 
(e) Any change in water content of the test 


Specimen due to evaporation is prevented. 


Deelee [Isotropic Compression Cell 


The cell is a standard triaxial cell modified for 
high pressure testing. It is shown in PGs 24. a) he 
conventional transparent perspex cylinder is replaced by a 
steel cylinder 0.25 in. thick, reinforced with three Stainless 
Sreecles traps. 

Due to the high confining pressure used, measurments 
of the total volume change of the sample, would inevitably 
encounter some difficulties. The standard volume change 
indicator with transparent perspex cannot withstand the 
pressure. In the mercury displacement method, the movement 
of the mercury surface cannot be viewed with a cathetometer 
because of the opaque steel cylinder used for the cell. The 
Simplest solution, adopted in this study, was to measure 
vertical and lateral deformations by LVDTs inside the cell. The 
lateral strain measuring device used is a modification of the 
laterdlstraine indicator described by Bishop and Henkel 
(1957) for performing compression tests on 4" dia. Samples 
under zero lateral strain. The modification is made by 
replacing the diaphram mercury indicator by an L.V.D.T. 
of 24 volts. A thin wire is tied to the lower end of the core of L.V.D.T. 


while the upper end is supported by a spring. The relative 
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movement of two curved metal pads which bear Ii ohtl yeon! the 
Surface of the membrane sealing the Sample is magnified 
twice by the hinged ring which embraces the sample and is 
imparted to the thin wire, Stretching@across thel’tworends 
om theering?hiThevwirescauses _@ vertical movement of the 
core of L.V.D.T. equivalent to twice the amount of the 
lateral displacement of the specimen. The vertical displace- 
ments is measured by an L.V.D.T. of 24 volts Wath the plunger 
resting on the upper cap of the Sample. The vertical and 
lateral deformations can be measured to an accuracy =O 
0.00001 and 0.00004 inches respectively: “After vertical and 
lateral strains are obtained the volumetric Strain at any 
Pressure may be calculated by adding twice the lateral strain 
to the vertical strain. A view of deformation measure- 
ment set-up on the specimen is shown in rally ees 

Hydraulic oil] is used to fill the chamber. Water 
is not used because it is considered as a conducting 
medium which may influence the voltage signal once water is 
ponccdminetieslVe0al. Gauge under high pressure. AS a 
consequence, standard latex membranes cannot be used since 
they would deteriorate in contact with the BUG Dee ie: lel 
Furthermore, latex has insufficient SL Vendth StOevesas i the 
punching effect of the soil particles under high pressure. 
Membranes comprised of 1/32" thick neoprene were finally used 
successfully throughout the tests. In order to have the 


membrane properly sealed on the top cap and at the base, steel 
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bands pressing the membrane against 'o' rings recessed into 
grooves around the perimeter of the Cap and base were used. 
Diffusion of air through the membrane is checked by measuring 
the air pressure built.up inside the membrane which enclosed 
an undeformable dummy sample. No significant build-up 
pressure was measured for the duration of the tests 
performed. 

Same as in oedometer compression Cell aecopmancs base 
drainage can be controlled. Pore water pressures can be 
measured at the base in which is 2 bars air entry ceramic 


stone. 


aa fe Kneading Compactor 


The kneading compactor used in this investigation is 
a model CS1000 electronic-hydraulic kneading compactor 
manufactured by Cox and Sons of Sacramento, California. The 
general view of the machine and the view during soil compaction 
aretshownginibtgures: 206 andoAd7 respectively. The compactor 
is basically designed for bituminous compaction in which 
tamper foot heat can be controlled. For embankment material 
compaction, temperature control is not an IMpOrtantw iss uee 
however several other features made this machine attractive. 
These are: 

(a) The ram pressure can be controlled easily and 
Varied from 0 to 1000 psi. 

(b) The number of compactive tamps applied to the 


specimen can be pre-selected and varied. 
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(c) The amount of time the ram applies pressure to 
the specimen can be adjusted. 

(d) The amount of movement of the table between 
tamps of the ram can be controlled. Table rotation can be 
varied from 6° to 72° increments for each 360° of table 
rotation. 

(e) The time interval between tamps of the ram can 
be adjusted. 

Using this compacting device, nearly identical 
samples can be made at any time if the same initial conditions 


(moisture content, etc.) are maintained. 


esis’ Recording System 


NicevoTtages outputs from the b.V.D.t.s are scanned, 
amplified and recorded by an automatic digital voltmeter 
(Hewlett-Packard Testmobile Model 3440 A with Model 5050B 
digital recorder). The readings can be taken at intervals 
of time ranging from one second to one hour. The pressures 
are measured by transducers and read with strain gauge 


bridges. 


a. on UGSChIPtioOn Of he.Soilalested 


Mican till. whichoisptheymainesojl investigated in 


this study, has the following properties: 


leu d dn at 18% 
Plastic lini sc 13% 
Piiasit | Gast Vining ex 5% 


Specific Gravity 2.80 
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The gradation curve for the material passing tne: 3/4"! 
Sieve wsesnown in fig. 2.8 and desiqnated’ as dradation No. 1. 
As a convenience this designation is also used for natural 
material passing 3/8" and No. 4 sieves without reworking. The 
gravel sizes of Mica Till are mainly granitic gneiss and 
quartz with some friable schist.”' Mica flakes ‘are present in 
the fines. 

In order to study the influence of gradation, several 
specimens were prepared from material with gradation No. 2. 
This gradation curve is also shown in PVgGae 2. oe) (ne ma vem al 
consisted of particles smaller than 3/4". The soil was 
artificially mixed in such a way that the percentages in 
weight finer than each selected sieve size were the same as 
those of the mean gradation curve of the core fill. 

water content» and density relationships for the till 
LOC iterentcOmpdctiOn tests are SHOWN il 1g 79 = ain 
this figure, it is noteworthy that two pairs of average 
water content and density values measured in three seasons 
of core fill fall closer to the water content and density 
relationship for samples compacted by kneading compactor in 
7 Vayers with 70 tamps “of 150 psi pressure per Ylayer » = The 
better correlation between kenading compaction method 
with the field compaction than dynamic (conventional ) 
compaction has been discussed by Wilson (1950) and Zegarra 


(1958). In his discussion, Zegarra (1958) compared the 
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line-of-optimums developed in the field compaction tests 
with sheepsfoot and rubber-tired rollers with those 
obtained from laboratory compaction tests on the same soil 
using dynamic compaction and Harvard or kneading compaction. 
The line-of-optimums was defined as the line which joins the 
peaks of water content-density curves for the different 
compaction efforts. From the comparison as shown in hig: 
2.10, he concluded that dynamic compaction ICES WES EEE 
relationship to field compaction curves. By coincidence the 
highest compaction achieved by dynamic compaction (Modified 
AASHO) had the same numerical value as field compaction by 
the heaviest rubber-tired rolled at maximum coverage. On 
the other hand, kneading compaction was most likely to 
duplicate the field compaction uSing rubber-tired rollers. 

While kneading compaction has the flexib119 ty “of 
varying foot pressures and number of blows per layer and 
thus can achieve different combinations of water content and 
density, no standard procedure has been established. At the 
present time, the field compaction is not usually controlled 
or designed based ona water content -density relationship 
obtained from kneading compaction. Thus, during the design 
Stage of each project, particular combinations of foot 
pressure, number of blows per layer and number of layers in 
kneading compaction corresponding to the field compaction 
can only be found by performing several compaction tests. 


Water content and density data recorded from test embankments 
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would provide very useful information regarding the expected 
field compaction results in the main dam. The kneading 
compaction procedure thus established for each project will 
be most useful for preparing the test specimens to be used in 


strength-deformation study. 


Je evai ple Preparation 


The till was obtained from Wood River Burn borrow area 
of Mica dam. The soil was forced through the desired maximum 
ences /4 33/0 a Now 4) grain size sieve and the material pass- 
ing the sieve was air dried. Twenty-five hundred grams of the 
air dried soil was mixed with the required quantity of 
distilled water by weight ina mechanical mixer for at least 
5 minutes. About 0.5% more water than required was added 
to the soil to compensate for the moisture loss during mixing. 
The soil thus mixed was believed free of lumps before curing. 
The lumps were broken by hand if necessary. A uniform 
mixture could frequently be obtained without Ce rimei es APS 
soil-water mixture was removed from the mixer, placed in 
plastic bags, sealed and cured in a moist room for a minimum 
of 24 hours prior to compaction. 

The ring of the oedometer compression cell was so 
designed that it could also be used as a compaction mould. 

The samples for oedometer compression tests were compacted 
directly in the ring, thus the disturbance due to extruding 
was avoided. The ring which was being prepared for compaction 


was coated with silicon grease on the inner surface of the 
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teflon sleeve and a standard latex membrane was inserted 
in the mould and brought into close contact with teflon. The 
circular plunger, slightly smaller than the inside diameter 
of the ring, was sometimes used to ease the membrane into 
place and force it to adhere to the teflon surface. For 
impact compaction, standard proctor and modified Doc FOr 
efforts were achieved with the ASTM procedure. For kneading 
compaction, the foot pressure, tamps per layer and number of 
layers were varied as noted. To control the uniformity of 
samples, material required for preparation of one Sample 
Wasecivided into equal parts. Each part was placed in the 
mould and spread evenly by hand. After compaction of the last 
layer, the collar was removed and the soil was trimmed off ‘even 
with the top of the mould. The compacted samples were 
weighed before curing for density determination. The water contents 
of the sample were determined from the sample trimmings. 

The same procedure as described were used to prepare 
ENCES OIpNeSH TOG RISO Lr ODiCmOCOMpress ian atestswand almost 
identical samples in terms of density were obtained as for 


oedometer compression tests. 


Poo DORa CORY shesis 
2.10.1 Compression Tests Performed 


A summary of compression tests performed in this 
study 1s shown in Jablendml. she test restilts arerspresented 
in Appendix A. The types of tests include oedometer compression 


partial dissipation test, oedometer compression drained test 
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TABLE 2.) 
SUMMARY OF COMPRESSION TESTS PERFORNLO 


Se 
Se 














Name of the Series Nanie of Compaction Water Ory Gradation Max {inum Remark 
and type of Test Sample Method Content Density Type Grain 
P (%) (pet) Size 
eS ee ee es ee ee ee 
ow 
Oedometer ow-1 Kneading 9.00 132.0 No. 1 No. 4 
Compression Partial (150,3,25) 
Dissipation Tost Ow-2 Standard 
Proctor 8.95 132.1 No. 1 3/4" Mater{al 
ow-3 Standard ~ ; having water 
Proctor 8.81 N3335 No. 2 3/4" ree 4 
Ow-4 Kneading (69) Fil 
(150,7,70) 9.15 134.4 No. 1 3/4" STehe 
ow-5 Kneading $ core 
(150,3,25) 8.48 133.9 No. 1 3/4" 
ow-6 Kneading 
(150,7,70) 8.90 ~ 134.7 No. 1 3/4" 
ow-7 Modified 
Proctor 8.30 134.6 No. 2 3/4" 
ow-8 Modified 
Proctor 8.55 134.1 No. 1 3/4" 
oD ; 
Oedometer 00-1 Kneading - 6.47 137.5 No. No. 4 
Compression Partial (150,7,70) 
Dissipation Test 0p-2 Kneading 
(150,7,70) 6.57 laze No. 1 3/8" Material 
having water 
00-3 - Kneading ; content 
(150,7,70) 6.89 139.4 No. 1 3/4" close to 
(70-72) fill 
00-4 Modified in the 
Proctor 6.24 140.0 No. 1 3/4" core 
00-5 Kneading ; 
(150,5,25) ore} 137.0 No. 2 3/4" 
0D-6 Kneading 
(150,7,70) 5.90 142.6 No. 2 3/4" 
00-7 Kneading F 
(150,7,70) 7.42 139.2 No. 2 3/4" 
00-8 Modified 
Proctor 6.95 139.0 No. 2 3/4" 
S$ 
Oedometer S-1 Kneading 
Compression (150,7.70) 6.14 139.7 No. 1 3/4" 
Drained Test 
$-2 Kneading 
(150,7,70) 5.80 140.8 No. 1 3/4" 
$-3 Kneading : 
(150,7,70) 4.55 140.8 No. 1 3/4" 
$-4 Kneading 
(150,7,70) 7.96 134.7 No. 1 3/4" 
$-5 Kneading 
(150,7,70) 6.43 140.8 No. 2 3/4" 
S-6 Kneading 
(150,7,70) 6.53 139.9 No. 2 3/4" 
HW 
Isotropic HY-1 Kneading 
Compression Partial (150,3,25) 8.89 132.0 No. 1 "No. 4 Material 
Dissipation Test : having water 
HW-2 Standard content close 
Proctor 8.48 132.9 No. 1 3/4" to (69) fi] 
in the core 
HW-3 Kneading 
(150,3,25) 9.05 133.5 No. 1 3/4* 
HD 
Isotropic 
Compression Partial 
Dissipation Test HO-1 Kneading 
(150,7,70) 6.75 136.8 No. 1 No. 4 Mater{al 
having water 
HD-2 Mod{ficd content close 
Proctor 7.03 138.9 No. 1 3/4" to (70-72) 
fill in the 
HD-3 Mod {fted core 
Proctor 7.01 139.2 No. 1 3/4" 
HO-4 Kneading ; 
(150,5,25) 7.01 138,3 No, 1 3/4" 
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and isotropic compression partial dissipation test. The 
samples were generally prepared at two water contents which 
were the two different average values measured in the three 
seasons of core fill of Mica Dam. In order to obtain 
elastic parameters of the soil with respecte toetotal stresses, 
it is quite clear that undrained tests have to be performed. 
For a saturated soil, compression tests other than oedometer 
and isotropic compression are usually used. These tests 
(e.g. triaxial and plane strain tests) essentially impose 
Shear stresses on the specimens and thus shear deformations 
are measured for undrained stress-strain curves. In compacted 
or unsaturated soil, volume change usually occurs under 
undrained oedometer or isotropic compression test. Hence, 
the results from these tests may also be used for deriving 
the elastic parameters with respect to total stresses. 
Compression partial dissipation tests performed in this study 
are mainly undrained tests but with the difference that pore 
pressures are partially dissipated when the specimens are 
loaded to certain stress levels. These stress levels for the 
case of earth dams can correspond to the maximum load at the 
end of each construction season. In oedometer or isotropic 
compression tests, undrained loading will gradually bring 
unsaturated soil to full saturation after which no further 
volume change occurs. With partial dissipation in the test, 
this condition may be prevented. 

Elastic parameters with respect to effective stresses 


are most conveniently derived from drained tests. However, 
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5] 
with pore pressure measurements in Pamgtddal dissipation tests 
described earlier, volume change and effective stress relation- 
ship for unsaturated soil can be obtained. These relation- 
Ships may also be used forderiving elastic parameters with 


respect to effective stresses. 


Pe O0eceCedometer Compression Partial 
DSS Vpabionwhest 


BETOnemsetting upkthegtestsspecimens; ah high air 
entry porous stone at the base of the cell was saturated with 
water. This was accomplished by applying pressurized water 
on top of the stone and occasionally flushing out the bubbles 
from the base drainage line connected to the bottom of the 
stone (Fredlund, 1972). After saturation of the stone the 
base drainage line was filled with water and connected to a 
reservoir with a slight water head difference. Due to this 
head difference, the top of the stone was always covered 
with a thin film of water before starting the test. A 
Saturated filter paper was used between the stone and the 
base of the specimen. The specimen compacted in the ring 
was then removed from the moist room after curing for one 
day. The ring with the specimen was seated on the base as 
shown in Fig. 2.2. In the final position, the inner surface 
of lower 0.5 in of the ring was tight against the side of 
pedestal and the bottom of the specimen rested directly on 
top of the filter paper. An '0O' ring recessed into the groove 


around perimeter of the pedestal was used to prevent any 
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De 
leakage between the ring and the pedestal. 

At the top of the specimen, a saturated filter 
paper and a coarse porous stone were used. In addition, 
the specimen was sealed by a plunger with a membrane and 
belofram. During the sealing, particular attention was 
taken to minimize the amount of air trapped between the sample 
and the seal. The top chamber was subsequently assembled 
and filled with water. The top drainage line was also filled 
with water but no flow was allowed. After setting up the 
vertical L.V.D.T., the top and base drainage control valves 
were checked to be in the closed position. The specimen 
was now ready for testing. 

All the tests were performed in the environment 
controlled room at 65°F and 50% relative humidity. The 
variations in temperature and the relative humidity were 
+ 1°F and + 2% respectively. The purpose of conducting the 
test in an environment controlled room was to avoid the 
effects of environment fluctuation On the air pressure system, 
stress-strain properties of the specimens and the measuring 
devices. 

Step loadings were applied in the test, and increments 
Of 00S 2005) 4005 600 and 7/50 psi were useds -Onlysatecd0. 
400, 600 and 750 psi, was partial dissipation allowed after 
undrained loading. During undrained loading, the pore 
pressures were monitored by the transducer. The pressures 


were read with 4 Strain gauge bridge and multiplied by an 
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appropriate calibration factor. Each loading was maintained 
until no significant change in pore water pressure was 
observed. This usually happened within 30 minutes after the 
application of the load. However, as a standard procedure 
(Bishop and Henkel, 1957) each undrained loading was main- 
tained for 30 minutes prior to application of the next 
loading, pore pressure and L.V.D.T. readings were recorded. 
During the dissipation stage, the zero time was set when 

the top drainage control valve was opened. The valve 

was closed at the time when the percentage of 

pore pressure dissipated was about the same as that measured 
iene bheduring sa work stoppage period. The next 
undrained load was applied immediately after the top drainage 


control valve was closed. 


2.10.3 Qedometer Compression Drained Test 


In the drained test, the set-up was generally the 
SAnNemaSmuldu GeSChiIbed an section cal0,c. Only some 
features relating to drainage were different. Because this 
type of test was performed in the early stage of investigation, 
no pore pressure measurement was attempted. Hence instead 
of a high air entry porous stone, the coarse porous stone 
was used at the base of cell. During the test, the top and 
base drainage lines were kept open. 

The same loading increments as described in section 
2.10.2 were used. Each load was maintained until there was 


no significant change in the measured vertical deformation. 
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The amount of time to reach that condition varied with water 
content and magnitude of the loading. The maximum time was 


Set at wf. hours. 


Ae UO Ye! MS OURO A.c Compression Partial 
Dissipation Test 


The pore pressure measuring system and the high air 
entry porous stone at the base of the isotropic compression cell 
were saturated using the same Procedures as those outlined 
IDesection 2.10.2.) .Jhe lateral Strain measuring device and 
me Vertical-LeV.Dvls wereeset-on the specimen after it was 
Properly sealed with the neoprene membrane. The top drainage 
Tine was filled with water before the test.deinheainitial 
meadingss for LeV.D. 1. s measuring lateral and vertical 
deformations were recorded: at the time after the cell was 
filled with hydraulic oi] but before the pressure was applied. 
The same pressure system as for the oedometer compression 
LES CS Was .US ed,. 

The loading sequences in the test were the same as 
those in the oedometer compression partial dissipation test. 


The general view of the test Set-up is shown in Fig. 2.11. 


Cail eoome Aspects of Stress-Strain 
Relationships 


2 oulales: lp a be. falc telV Ge Sitre S-sp. cin Compacted 


SOotel 
In the present studies, the effective stress in 


compacted soil is, unless specificly stated otherwise, 
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he) 
generally defined as the difference between total stress 
and pore water pressure. Although more refined effective 
Stresomtleor less fon Unsaturated soil’ (Bisnop et al) 960, 
Matyas et al.,1968 and Fredlund, 1973) are available, the 
use of these theories in field problems may be premature. 
The error in simplified effective stress theory has been 
discussed by Bishop et al. (1964). As indicated for the 
case of a dam where the fill is compacted near the optimum 
water content and has a high degree of saturation, the error 
due to neglecting the difference between pore air pressure 
and pore water pressure is relatively small. The error 


will increase as the molding water content decreases. 


PaliocmeOlLdlnotress-otraine Relationship 


Due to the dissipation of pore pressures at certain 
stress levels in oedometer and isotropic compression partial 
dissipation tests, additional strains occur under these 
constant stresses. The curves relating stresses and strains 
Ineunewtestsedre=st ius discontinuous. In Fig. 2.12, a stress- 
strain curve from an oedometer compression partial dissipation 
test can be represented diagrammatically by a solid line and 
as shown, the curve is discontinuous at stresses (o,),; 

(or), and (o,)): In the derivation of elastic parameters 


with respect to total stresses, total stress-strain relationships 
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56 
during undrained loading are mainly of interest. Thus, a 
total stress-strain curve required for total stress 
analysis should exclude the strains due to pore presure 
dissipation under constant load. The derivation of this 
curve from the test results is illustrated diagrammatically 


ie meet com RhOGmS Gress (o,) undrained strain, 0, Pye ale 


a? 
obtained by substracting the strain caused by pore pressure 


dais ssa tote PL'Py> from the measured total strain, 0,P,. 


For stress (o,),, the corresponding undrained strain, 0,P,'; 


is obtained by subtracting the sum of strains due to pore 


PRESSURE mGLSsipauions Up to Ehjas stress level. that is P.'P 


eg 
plus PoP 3s from the measured total strain, 0,P.,. The same 
procedure is used to determine the undrained strain, 0,P.'; 


for the stress (01) The resulting total stress-strain 


c: 
Curve for.tne analysis is obtained by fitting a smooth curve 
through the orign O and the points eyats Po" and Prue his 
curve is illustrated in the same figure with a dashed line. 
2.11.3 Parameters for the Stress-Strain 
Functions 

Stress-strain relationships for the soils under 
stress conditions in oedometer and isotropic compression 
Lest SehaVvel DeCn di ScCUSSSedld hesectdOlac. Onli Orders to 
illustrate the determination and to illustrate the typical 
values of the parameters involved in the power functions, the 


results of an oedometer compression partial dissipation test 


are discussed. The values of effective major principal 
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stresses ¥andemayor principal istrainstofetest Sample OW-3 are 
listed in the first and second columns respectively of 


ep len 23.2% 


TABU Eee 2 


EST RESULTS OF “SAMPLE OW-3 
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O 
and the value of Ey for (s+) = | respectively. In the 
a 


PESsentecdse, de1s 0.298 and C.91s5 0.021-"-"The tangential 


D 
constrained modulus atany stress level greater than zero 
can be evaluated from equation (2.12) from these parameters. 


As an example, the EC value calculated for O71" equal to 


eUUsDSis 1s 14o50"ps 1. 


2p li2) Diseussioneof—lest Results 

The behaviour of compacted soil is fundamentally 
controlled by compositional factors such as water content, 
density and structural arrangement of soil particles. For a 
specific water content, the density and structure of compacted 
SOil are determined by gradation, maximum grain size and the 
compaction method. The stress-strain response of a compacted 
soil is inevitably related to these factors. In the following 
paragraphs, the effects of these factors are discussed based 
on the test results obtained in this investigation. In 
addition to the previous aspects some relevant soil behaviour 


observed in the tests is also discussed. 


IWeverfect of water content. Using stiffness as a 
Genevaleverm Tor the ratio of effective major principal stress 
increment and major principal strain increment in the present 
discussion, it can be seen from Fig. 2.14 that the stiffness 
of Mica Till in an oedometer compression test decreases as 
the molding water content increases. This behaviour may be 


explained by the theory concerning the effects of compaction 
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59 
on soil structure (Seed and Chan, 1959). The soil compacted 
at low water content tends to form a flocculated structure 
while that compacted at high water content tends to be 
dispersed. As the result of the flocculated structure, the 
SOil, compacted at low water content are less compressible 


than those at high water content. 


The effect of gradation. As stated in section Ceo 


two different sample gradations were prepared for the till 
having a maximum grain size of 3/4". The stress-strain 
curves of these soils from oedometer compression tests are 
shown in. Fig. 2.15. From this figure, it can be seen that 
gradation 2 material is more compressible than the material 
of gradation 1. Since gradation 2 material was somewhat 
step graded, it might be expected that the total contact 
area of the particles was less and hence the higher stress 


per contact induced more compression. 


The effect of maximum Gai Nes tze we Thee Van tascuo neo 


stiffness with maximum grain size for Mica Till in an oedometer 
compression test 1s presented in Fig. 2.16. From this figure, 
itecanebe noticed that the stiffness increases with a 

decrease in maximum grain size jn the range of sizes tested. 
Rowe (1962) performed shear tests on quartz sands with 
different grain sizes ranging from coarse sand to coarse silt, 
UMC resulismobldinedsindicateduthaterriction dangle also 


iocreases as the grain size decreases. This finding was 
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60 
explained by Lamb (1964, p. 67) as the larger particles 
were able to roll more easily than the smaller particles 
due to their center of gravity being further away from the 
plane of shear. Based on this POSVUbaCe RET t esimp ly meant 
that there were more rolling strains or slip strains in 
samples comprised of larger particles than in those having 
smaller particles. Thus, the observed variation Ofees Git Ness 
in the present tests, which is a direct FUNC tVOne Ot =s Eraq ni. 
may well be explained by the same postulate. However, 
samples with maximum grain size as in the field (10" or 
larger) were not tested, it is by no means implied that the 
observed stiffness variational behaviour can be extended to 
the field size. As maximum grain size increases from the 
sizecsmiLestedetorthe field sizes the well graded effect also 


increases and may become significant. 


Particle breakage. The significance of particle break- 


age under high stresses for certain soils has been reported 
by several researchers (Lee and Seed, ASO7 ee vies 1 Cha deed olrgh, 
1968). The strain resulting from this breakage always adds 
toprigid iparticle slip’ strain and elastic strain.”’) In order 
to assess the degree of particle breakage for Mica Till 
tested in the laboratory the material was sieved before and 
after each test. Typical grain size curves before and after 
oedometer compression tests are shown in Pigk Wynne tFrom 
this figure, it may be concluded that particle breakage is 


not very significant in Mica Till even under pressures as 
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61 
high as would exist in the dam. Since under certain stress 
levels the degree of particle breakage depends mainly on the 
gradation and the crushing strength of the grains (Marsal, 
1972), the previous observation may be expected for Mica 
Till which is well graded and consists of grains with high 


Seren at 


Ieee thect taf Sconpacttonsmethods ulhe comparisons of 


effective stress-strain curves from oedometer compression 
tests for Mica Till prepared with Proctor and kneading 
compaction are shown in Figures 2.18 and 2.19. Some 
differences can be observed between the curves for the Samples 
prepared using these two procedures. At a low water content 
which is near the modified Proctor optimum and for Samples 
having similar initial conditions (water content and density), 
the one prepared in/ layers and compacted with 70 tamps of 
150 psi pressure per layer (kneading compaction (150,7,70)) 

is less compressible than that prepared with modified Proctor 
compaction. Slightly higher shear strength of the sample 
prepared with kneading compaction to the density and water 
content near the modified Proctor optimum as compared to 

that prepared with the modified Proctor compaction was also 
observed by Seed and Chan (1959). At high water contents, 
which are near standard Proctor optimum, however, the sample 
prepared with standard Proctor compaction is slightly less 
compressible than that prepared with kneading compaction 
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62 
somewhat stronger or more flocculated structures are formed 
by kneading compaction (150, 7, 70) and standard Proctor 


compaction at low and high water contents respectively. 


Pore pressure response and drainage characteristics. 


In oedometer compression partial dissipation tests, the pore 
water pressures in the samples were monitored throughout the 
tests. The results of the tests can be used for deriving 
the stress-strain relationships of the samples and also for 
studying the pore pressure response and drainage character- 
istics soretne materialis*=. As might be expected, during first 
undrained loading, the higher pore pressure ratio B was generally 
measured in samples having a higher water content. 

From the test results, the influence of coarse 
particle fraction on B value might also be studied. Comparing 
the samples having about the same water content and compacted 
with same compactive effort it was noticed that the sample 
with larger maximum particle size or with gradation 2, which 
in turn had the higher coarse particle fraction, had a higher 
B value during the first undrained loading. It might be noted 
the degrees of saturation for the samples in comparison were 
more or less the same. 

The influence of pore presure dissipation on subsequent 
undrained pore pressure response has been discussed by 


Bishop (1957). The B values determined on wetter materials 
in the present studies during each undrained loading stage 
are listed in Table 2.3. From this table, it can be noted 


that B values of samples with gradation 2 generally decrease 
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64 
in subsequent stages while those of gradation 1 generally 


increase. During the tests, it was observed that the 
percentage of pore pressure dissipation of gradation 2 
materials was more than that of gradation 1 materials for the 
same period of time. This observation can be illustrated by 
the values of coefficient of consolidation (C.) listed in 
Tabde 2.4.)| The C, values were calculated from the theoretical 
relationship between the percentage of pore pressure 
dissipationpat thelbase of the sample and the time factor 
(Bishop and Henkel, 1957). Although this relationship was 
used by Bishop and Henkel for triaxial Samlpless Sit dis vValeid 
for samples under any strain condition with top drainage 
only. In Table 2.4, gradation 2 materials have higher Cy 
values than gradation 1 materials. The coarser particle 
Stuucturessotloqradation 2 might increase the perviousness 

of the samples. 

Bishop (1957) had shown that there was a correlation 
between the percentage of pore pressure dissipation and the 
pore pressure ratio. It was indicated that the higher the 
percentage of pore pressure dissipated, the lower the B 
value would be in subsequent undrained loading stages. 
However, whether the subsequent B value would be higher or 
lower than previous values depended on whether the percentage 
of pore pressure dissipated was above or below a certain 
ValUGSfOr ay particular so1li= In the present. studies.mit<was 


observed that if about the same percentage of pore pressure 
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66 
dissipation measured in the fill during stoppage was 
dissipated in the tests for higher water content Mica Till, 
the subsequent B value would generally not be lower than the 
previous value. This observation, however, might not be 
consid@red as the behavior to be expected in the field. 

The percentage of pore pressure aren measured during 
stoppage was only part of the total dissipation in one 
season, since some pore pressures had dissipated during 
CONS tru cin On 
Assumption Used in Elastic Moduli 
Derivation 

For studying the applicability of the assumption made 
On mean stress in section 2.5, it seems valuable to compare 
the oedometer stress-strain relationship predicted with 
experimental isotropic compression curve and that determined 
from the test. The prediction may be made with the following 


relationships: 
Oo Sel (CPs 2K.) 


and ey = Ey 


1 - sind' (Jaky, 1944). 


iT] 


where Se 


If the assumption that samples having the same 
volumetric strain are under the same mean stress is reasonable, 
the predicted oedometer stress-strain curve should closely 


resemble the experimental one. In Figs. 2.20 and 2.21 the 
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67 
comparisons between predicted and experimental curves for 
till samples with low and high water contents are shown: 


From these figures, reasonably good agreement may be noted. 


Variations of POlSSOM: SehatioO. ine the 1sotropic 
compression tests, the samples were prepared identically in 
terms of water contents and compaction methods as the six 
samples tested in oedometer compression. With these pairs 
of test results a study of the variations of Poisson's ratio 
derived by the coupling method described in section 2.5 may 
be made. As previously discussed, the mean stress for a Oy 
value in an Oedometer compression test might be equal to 
a o' value which induced the same volumetric strain in an 
isotropic compression test. If Poisson's ratio of the 
material is independent of the stress level, then for any '! 


VOLUMeEtriIC Strain..o in an oedometer compression test and 


] 
o' in an isotropic compression test should be related as 
follows: 
] a Vv oe = a! 
3M ELAS ay)s) 


[nu figures <«2.22:and.2.23 the test results of Mica 
Till having two different water contents are presented. For 
each water content, two pairs of test data in terms of 
effective stresses are shown. As can be seen from the 


figures the test data do not deviate significantly from a 
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68 
constant Poisson's ratio. This result may be expected due 
to v'/v' equal to Ko? the coefficient of earth pressure 
at rest for the soil under oedometer stress conditions and 
Ko is more or less stress level independent during primary 
loading. The Ko values calculated from the determined 
Poisson's ratios are 0.54 and 0.59 for low and high water 
content samples respectively. It may be interesting to 
compare these values with those suggested by the formula 
K, = 1 - sing' (Jaky, 1944). With this formula and the 
average reported ¢' value (CASECO REPORT), Ky was calculated 
as 0.47. The close agreement in the comparisons may serve to 
indicate representative Poisson's ratios for the materials 
were obtained. 

A similar study was performed on test data in terms 
of total stresses. In Figures 2.24 and 2.25, the test 
mesultcomlLOutne bDeginningmotmthe tTirst pore pressure 
dissipation are shown. Since the subsequent total stress- 
strain relationships are related to the dissipated pore 
pressures, which may not be compatible between two tests, the 
coupling method may not be used. From these figures it can 
also be seen that test data do not deviate significantly 
heOMedecONs tanta PodisSon Smeratlo . 

Anisotropic Behavior of Compacted 
SOs 
In isotropic compression tests performed in this study, 


lateral deformation as well as vertical deformation were 
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69 
measured. The strains calculated from these measurements 
may be used to study anisotropic behavior of compacted soil. 
Under an equal all-round pressure the lateral strain should 
equal the vertical strain if the soil is elastic and isotropic. 
This condition can be proved using the basic equations of elasticity. 
In Fig. 2.26, the ratios of measured lateral strain to vertical 
strain are plotted against effective isotropic stresses for 
Sevega stiles tssamples.. Frommethis figure, it can be noted that 
the compacted samples exhibit certain anisotropy. The ratios 
for all the samples are not equal to one but less than one. 
The results also show that the wetter samples compacted with 


lower efforts have the ratios closer to unity. 
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OEDOMETER COMPRESSION 
STRESS-STRAIN CURVE 
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Fig. 2.2 OQedometer Compression Cell 
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Fig. 2.5 Set-Up for Deformation Measurements 
In lsotropic Compression Celts 
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SOME FACTORS INFLUENCING STRESSES AND DEFORMATIUNS 


SslmeScope 


In this chapter a review of the basic settlement 
mechanism in a dam is presented and the influences of load 
transfer and anisotropy on stresses and deformations in 
a dam are examined. The use of two dimensional analyses 
iietiveastudyeotedeformation is diseussed. -For convenience 
and clarity in the sequence of presentation, this chapter 
considers only those deformations unaffected by pore pressure 


dissipation. 


3.2 Settlement Profitite in a Dam 
During Construction 


Since markers used for indicating the settlement in 
Caddtiat  iiearemusually placed as the. fill is raised, the 
settlement of a marker at any height of the dam would essenti- 
ally reflect the compression of the underlying layer caused 
by the load placed above the marker. The zero settlement 
datum for each marker is usually established immediately 
after its plagementyontthe surfacerof the faldie Thusyat is 
readily apparent that the settlement of the crest immediately 
after the completion of the dam is zero. This is unlike a 
‘switch-on gravity' structure which has its maximum settlement 
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The basic settlement mechanism in a dam may be 
studmed¥by*considertngeit as akhbroadpcentinuoushyeplacedyfill 
aSSsnown intktges3 iF tDeformationseinhthisrbroadwfill may 
beuneganded@astonesdimensionalsowkor simplification; it is 
assumed that there are no time effects on the settlement 
and the fill has a constant elastic modulus Eo in a vertical 
CyECCL1TONe eel OMEN Gg. Weel Theisttheamarkenslevelsiathe incremen- 
tal stress at any point within height h due aie fill above 


the marker level with a thickness dz is: 


The incremental vertical strain at level X within 


the height h due to this incremental stress is: 


may Oz 
Ac, (X) = —- 


ei 
If the fill above the marker is raised from level 
HatLOmtne TOP Of the wilivat level Hy the total vertical 
Strain at level X is: 


ee Zoee H-h 


eon (ik) a=Tay 
n §c 


By integrating this strain for all levels within 
height h, the total settlement of the marker at level h due 


COMtLneH | Oddatromneto Cheetopaoy tiheciild as: 


poe ae ee ig oa (3.1) 
C 
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FeOmteqgat#onr( 301 )eitiis noted that 6 7s a function 
not only of the thickness of the compressible layer h, but 
also the thickness of the fill above the marker (H-h). 
Thus, the settlement. profile showing the settlements at 
various depths during construction of a dam has a parabolic 
Shape with the maximum value at mid-height of the dam. The 
typical settlement profile of a continuous tysplacedertit Ts 
SHOWN GAMRTGNESM20CUIALthOUGhSa F711 having a fosvane 
elastic modulus was considered, a similar situation can also 
be shown for a material having an elastic modulus that varies 
with stress level (Naylor and Jones, 1973). 

Inehigprsy2gutheesettiementstaretptotted against the 
heights of reference points in the fill. With the basic 
definition of strain but without appreciating the settlement 
mechanism in the continuously placed fill, the slope of the 
Curve may be regarded as the compressive strain of any 
intermediate layer. However, appreciating the settlement 
mechanism, it is realized that previous interpretations may 
Not beaUsedsif tne present case. In Fig. 3.3, 65 is the 
compression of a layer with a thickness ho caused by the load 


y(H'-h while 64! is the compression of a layer with thickness 


9) 
hy caused by the load (H'-h,). Settlement 65! and 64! are 
functions of two different loads. The ratio (6,'-6,')/1 1S not 
related to any single stress and hence it is not the compressive 
Strain of layer A. Consequently, one settlement profile 


cannot be used to evaluate correctly the elastic modulus of 
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any intermediate layer in the fill. 

The tangential modulus of layer A. however, can be 
estimated from the two settlement profiles as shown in 
Fig. 3.3. the incremental strain ions - 6°) E (OEY SE Drea) yor 
is caused by incremental stress y(H'' - H'). The ratio of 
these incremental stress and strain should indicate the 
tangential modulus of the layer. For the case where the fill 
has a constant modulus the use of equation Bh achGnttee 
that the ratio is equal to modulus EG: 

For a dam project in which a test embankment is 
constructed during the design stage, it is extremely valuable 
to employ the previous method for estimating the elastic 
modulus of the material. Settlement profiles requairedia or 
the estimation can be obtained from gauges installed in the 
test embankment. The elastic modulus evaluated in such a 


way should constitute important parameters to be used for the 


prediction of deformations in the main dam. 


3.3 Finite Element Stress-Deformation 
Analysis 


The finite element stress-deformation analysis in 





this work were performed by using the computer program given 
in Appendix B. This program uses constant strain triangular 
elements each having six degrees of freedom. More refined 
elements such as quadrilateral elements, each having four 
constant strain triangular elements (Covarrubias, 1969) or 


two linear strain triangular elements (Felippa, 1966) are 
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Possible. Theplessesatisfactony-results of using constant 
Strain triangular elements usually occur at high shear stress 
zones. »Such zones exist in.the dam and are. close. to.the 
interface between core and shell. In the present investigation, 
finer mesh was used over expected high shear stress areas. It 
is believed that this approach eliminated the errors which 
might otherwise arise from using constant strain elements. As 
has been shown (Krishnayya, 1973(a)) for soil structure 
problems accuracies comparable to those obtained with more 
refined elements can be achieved with the constant strain tri- 
angular elements. The equations are solved by Gauss-Seidel 
iterative procedure. The present program was modified from 
FENA2D used by Kirshnayya (1973(a)) in the study of the cracking 
of dams. The following additional facilities were incorporated 
in the new program. 

(1) The automatic generation of material types. 

(2) The automatic generation of overburden factors 
for the elements. 

(3) Write or read data to or from tapes. 

(4) The calculation of nonlinear elastic parameters 
from functional expressions (i.e. hyperbolic 
function or power function). 

(5) The performance of an “effective stress" analysis 
with the association of pore pressures analysis. 

In this study, several types of stress-deformation 

analyses were performed. They are incremental linear analysis, 


non-linear analysis, total stress analysis and effective stress 
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analysis. In non-linear and incremental linear analyses, the 
loads were applied in a number of small increments. However, 
in the former analysis a piece-wise linear relationship between 
Stress and strain was assumed during each increment of load 
and in the later analysis, constant elastic parameters were 
used in all the increments. In nonlinear analysis, "average 
moduli" procedure was used to obtain elastic parameters 
corresponding to the stress state for each ce increment. The 
details of this procedure have been described by Kirshnayya (1973(a)) 

Poisson's ratio was not allowed to exceed 0.49 in 

all the analyses performed. Some elements of the constitutive 
matrix will become infinite when Poisson's ratio is equal to 
0.5. It is widely known that this limitation is inherent in 

the formulation based on the minimum potential energy principle. 
Despite this limitation, reasonably good correlations between 
the results of analysis using maximum Poisson's ratio of 0.49 
and field observations have been achieved in a number of cases 
(e.g., Kulhawy et al., 1969; Chang and Duncan, 1970; Kulhawy 


and Duncan, 1970), involving nearly incompressible soils (v=0.5). 


3.4 Load Transfer ina Zoned Dam 


During Construction 


The stress conditions in a zoned dam during construction 
are influenced by two modes of load transfer. These are: (a) 
load transfer from embankment to abutments (i.e. cross-valley 
arching) and (b) load transfer between core and shells. In this 
study, the load transfer is, unless specificly stated otherwise, 


generally referred to any vertical stress state deviated from 
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10] 
that under one-dimensional uniform compression condition. 
Load transfer occurs in a dam as a result of a relative 
displacement or a difference in compressibility of materials. 
Its existence was evidenced by pressure cell measurements in 
a number of earth and rockfill dams (e.g. Hdlle and 
Harspranget dams by LoOfquist, 1951; Gepatsh dam by Schober, 
1967; Scammonden dam by Penman and Mitchell 1970). 

Load transfer from embankment to sohemente develops 

due to differences in settlements in the embankment across the 
valley and higher compressibilities of embankment materials 
compared to rock abutments. As long as the dam is built ina 
more or less V-shape valley, regardless of whether the 
foundation is compressible for incompressible, differential 
settlements across the valley always exist. Due to the variation 
in thickness of embankment along the valley walls, settlements 
in the embankment decrease from a maximum in the center portion 
of the valley to a minimum at the two edges. The intensity of 
these differential settlements and hence the intensity of cross- 
valley arching in a dam is mainly related to the steepness of 
the valley walls. More significant cross-valley arching is 
always related to steeper valley walls. The magnitude of 
cross-valley arching can be studied by a plane strain analysis 
on a longitudinal (cross-valley) section. In these analyses, 
the effects of cross-valley arching are separated from combined 
effects, which include load transfer between core and shell on 
the actual dam behaviour. In plane strain analyses performed 


by Lefebvre et al. (1973) for dams in V-shaped valleys with 
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three different valley wall slopes, it was indicated that major 
principal stresses in the lower central region of the dam are 
about 80%, 94% and 96% of overburden pressures for 1:1 (1 
horizontal: 1 vertical); 3:1 and 6:1 slopes respectively. 

Three dimensional analyses on homogeneous dams with the same 
material property and the same upstream and downstream slopes 
but different valley wall slopes are also very useful in the 
study of cross-valley arching (Lefebvre et a. SR The 
results can clearly show the differences in three-dimensional 
behaviour relative to 2D due to different degrees of cross-valley 
arching. However, the major principal stress reductions in 

the central region of the dam for each geometry should not 
totally account for the cross-valley arching effects. Load 
redistribution in transverse direction due to the nearly tri- 
angular section also reduces part of the load. This effect 

can be shown by plane strain analysis On homogeneous transverse 
section and is referred to in a subsequent discussion. Palmerton 
(1972) performed a nonlinear three dimensional analysis on a 
model dam with a central clay core having different elastic 
properties as compared to the shells. The dam was built in a 
valley with 1:1 wall slopes. The results of the analyses were 
compared to those obtained from two dimensional plane strain 
analyses on the maximum transverse section of the same dam. 

The comparisons showed that due to cross-valley arching effects 
the reduction in major principal stresses near the base of the 


core amounted to 40% of plane strain values. 
Load transfer between core and shells, develops due to 


the difference in the compressibilities of materials in the zones. 
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As a result of these differences one zone tends to settle more 
than the other under self weight. The relative displacement 
mobilizes the shear stress at the interface and hence load is 
transferred from one zone to another in the embankment. Although 
load can be transferred from core to shells or from shells to 
core depending on the relative compressibilities, the former 
case may be of greater concern to dam designers since near- 
horizontal fissures may develop through the core. In order to 
evaluate vertical stresses in the core under arching conditions 
Nonveiller and Anagnosti (1961) considered the core ina state 
of plastic equilibrium. While the theory appears to be useful 
for that state of equilibrium, it cannot be used to evaluate 
the stresses in elastic equilibrium. Blight (1973) used an 
effective stress theory to consider the vertical stresses in 
a narrow core which settled more than the shells. The over- 
simplifications in the vertical stress distribution pattern 
across the width of the core and the slopes of the core in this 
theory may limit the use of the solution. 

In order to study the load transfer under various 
relative stiffnesses or compressibilities between core and 
Shells, a symmetrical half of a typical medium size dam with 
a central core was used in finite element parametric analyses. 
The section is shown in Fig. 3.4. In the analysis, the core 
and the shells ahd the same unit weight (140 pcf) and the same 
Poisson's ratio (0.35). The Young's modulus used for the dam 
when E = ER eT T was 1000 ksf. Ten lift incremental 


core 
analyses were performed. From the results of these analyses, which are 
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Shown in Fig. 3.5 it is clearly indicated that when the shell 
ts stiffer, the load is transferred from the core to the shells. 
As a result the major principal stresses in the core are much 
less than the overburden pressures. When the core is stiffer, 
the calculated major principal stresses in the core are generally 
higher than the overburden pressures due to the load transfer 
from shell to core. As has been mentioned previously, due to 
the shape of the transverse section even when the dam was 


homogeneous (E = E hell? the major principal stresses in the 


core 
core might not be expected to be exactly equal to overburden 
pressures. In the present case, it is about 90% of the over- 
burden pressures. From the same figure, it can be seen that 
when Bspaty is about five times of Ba ére or B25 peels hl] ES 
equal to 0.2 (this is not an uncommon situation and may be 
expected in zoned dams), the maximum major principal stress 


near the base of the core can be as low as 50% of the overburden pressure. 


3.5 The Use of Two Dimensional Analyses 


in Deformation Studies 
In the previous section, the variations of the magnitude 

of two modes of load transfer in a zoned dam have been 

discussed separately. In areal structure, the stress 
conditions are influenced by both the geometry of the valley 

and the material properties of core and shells. Thus, it is 
understandable that more realistic three dimensional stress 

and displacement results can only be obtained by three 


dimensional finite element analyses which take into account 
the combined effect of all the components (Eisenstein et al. 


1972(a)). However, it is generally known that 3D analysis 
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requires considerably more man-time and computer-time compared 
toc 2Domanalivsn satefor? the! casewwhere! 2D analysis can provide 
sufficient accuracy, 2D analysis is still preferred. 

Two-dimensional analyses with the assumptions of 
either plane strain or plane stress conditions on maximum 
longitudinal sections do not provide correct information 
regarding the displacements or stresses in a zoned dam. In 
the analyses, the differences in material properties between 
core and shells cannot be taken into account. As has been 
shown earlier, these differences influence Signtticantily 
the stwesssdistpabutionyinma! zoned? damaceEven’ for homogeneous 
dams, due to the unrealistic boundary conditions imposed 
the results of plane stress analysis cannot be used to 
describe the actual behavior (Lefebvre et al. 1973). Plane 
strain analysis on a maximum longitudinal section of a 
homogeneous dam can give fairly good results for displacements 
and stresses in the upper part of the dam. However, 
differences in stresses as compared to three dimensional case 
are stillisitgnniicant gmethertowerspontion of theadan 
(Krishnayya, i973 (ayy. 

A two dimensional plane strain analysis on a maximum 
transverse section can provide reasonably accurate results 
providing the dam is not built in a very steep walled V-shaped 
valley. Lefebvre et al. (1973) showed, for valley walls 
inclined at 3:1 SGhorizontal: Vertical yor ‘flatter;that the 


stresses and displacements obtained from 2D analysis are 
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HOtes tani nicanuhvedinterensvtrom 30Chesults of the same 
section. For steeper valley walls’ (e.g. 1:1 slopes), 
Palmerton (1972) indicated thatiwhile stresses from 2D 
analysis of a zoned dam are less accurate as compared to 3D 
results, the displacements are in good agreement. The 
agreement appears to be due to the higher 03 values in 2D 
analysis. A relatively interesting study was performed by 
Simmons (1974) in the aspect that is presently fei hg discussed. 
The actual geometry of Mica Dam, which is situated in a 
valley having walls with a slope of about 2:1, was used in 
the studies. Remarkably smal! differences were found in 
stresses and deformations obtained from 2D and 3D analyses 
of the main transverse section. 

Based on the previous comments and two other reasons 
described in the following paragraph, two dimensional plane 
strain analyses performed on maximum transverse section were 
mainly used in the present study regarding the deformation of 
a zoned dam. The other reasons are: 

(1)- The pore pressure dissipation in a narrow clay 
core can be incorporated in the 2D stress- 
deformation analyses in a way which is 
considerably more feasible compared to 3D analyses. 
Moreover, from the geometry of the narrow clay 
core it may be expected that the pore pressure 


dissipation is mainly two-dimensional and takes 
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place in transverse sections. 

(2) Deformation results from finite element analysis 
dremsensteive tor humper@or Igrtspand* the 
simulation of construction sequences used in 
chesanalysise=) In@order® towstudy the-representative 
stress-strain properties of the materials by 
verifying the analytical results against 
measurements,’ 1t ws highly desirable to 
minimize the errors due to preceding factors. 
The two dimensional analysis can afford to use 
a more detailed simulation of construction 
sequences and number of lifts hence minimizing 
errors. 

3.6 Deformations and Relative Stiffnesses 
Between Core and Shells 

The influence of load transfer on the deformation 
behavior of earth and rockfill dams has been emphasized by 
Squier =(1970)°">*The case’ records of two important earth and 
rockfill dams were shown to indicate clearly this influence. 
As discussed in a previous section, two dimensional plane 
Strain analyses can be used efficiently to study the 
deformation in a maximum transverse section of a dam. 
Deformations in this section are mainly a function of stiffness 
PietiemecoLlceang este (tomand= iielrarat TOs so GOlm themresttts 
of the analyses performed on the section shown in Fig. 3.4, 


the influence of various degrees of core-shell load transfer 
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on the maximum settlement in the center of the core may be 


examined. In Fig. 3.6, dimensionless maximum settlements 

are plotted against ratios ot béeré and E hell: The E value 
of 1000 Ksf is used in the presented dimensionless settlements 
From this figure, it is seen that the maximum settlement in 
the core decreases with increasing stiffness of the shells. 
The amount of reduction was especially significant for the 


range of Ee ld Gqualetovrive cimes E For the case where 


ore’ 
core is stiffer than the shells pay Se ome > |) the effect 
of load transfer from shell to core was Outweighed by the 
CerccusOfetncaincreasesinustirfness of the core. As a result, 
maximum settlement in the core decreases with the increasing 


E Le 


core shell MoE es 


Inghig- S274 maximum outward displacements of the 


Slopessurtace are also plotted against £ JE et ee kenon. 


core “shell 
The —E value used in the dimensionless displacements is the 
same as that for the settlements in Fig. 3.6. The increase 
in core stiffness eee ameh el >) 1) nad only a manor ettect 
on the outward displacements of the slope surface. However, 


Elem Hewedse in Suel le stiiness UE ihe <a) soherieiee(= 


60rés,isnel] 
cantly reduced the outward displacements. 
From the previous parametric studies, it 7s clear 
that stiff shells can effectively reduce the deformations 
in a zoned dam. Although an increase in the stiffness of 
shells alone can also reduce the settlements in the core as 


the result of load transfer, too high a difference in stiffness 


DEtCweenecOresand snells may attect the safety of the dam. 
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This is because very low stresses resulting from significant 
load transfer may facilitate the development of horizontal 
EeaGks Anptheycore jp yihesincrease-insstiffness ofishells 
is preferably accompanied by the increase in core stiffness. 
In terms of the deformations and safety of the dam the ideal 


Poe eOatainlaitimineakat1o Of fF ineineprange (of s7, toss. 


sheti/ core 
3e7"SPrinctpal *Stress RattosSinea'Dam 

The stress conditions in a dam during construction 
vary from one location to another, e.g. the stress eendatiiens 
near the slope differ from those in the center of the dam. 

If K is used to designate the ratio between minor and major 
DRIneTpDal! Stress Increments, Vitis’ found® that’ the Ki valuesfor 
most elements of soil in a dam is approximately constant. This 
Eonditienemay Oe TITistratedaby thesstresstanalysts¥resulkts 

on a transverse section of a model dam. In Fig. 3.8 the 
calculated minor and major principal stresses resulting from 
each additional compacted layer of the dam up to its full 
height are plotted. In two locations of the dam K is constant 
even though their value differs somewhat for different locations. 
In a major part of the dam, K values fall within a narrow 
range and an average of these values may closely represent 
the values at every part of the dam. 

In order to study appropriately the stress-strain 
DehaViiOrmeot ed eSOd I USEC In heii ll (Of <alddms. tts -COnS tant 
stress ratio K must be considered in the test. The K value 
for each particular dam can be estimated from shear strength 


and factor of safety (Janbu and Hjeldnes, 1965) or a finite 
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Slenetieanalys1s. UVepending on the stress ratio KY the-axial 
stress-strain relationship O'ea sug) Under dneaxiSyMMetric 
SepewSeCOnGr eT ONewOulae Vary. Otnis Vanlation 1S 111ustrated 

in Fig. 3.9 by comparing the experimental stress-strain 
behavior during isotropic and conventional triaxial compression 
on tdentical specimens.” The stress states tn these’ two loading 
paths are the Special cases of constant K condition. The 
values of K in isotropic and triaxial compression are equal to 
one and zero respectively. The stress-strain curve for the 
soil having a K value between zero and one may well be expected 
to lie between those two curves. Since the axial stress- 
StraimeclurVve OT tne soil ts generally used for driving its 
elastic modulus, there is no doubt that the principal stress 
ratio would influence the elastic parameters. The variations 
of elastic parameters with principal stress ratios for two 
compacted soils was shown by Corotis et al. (1974). It was 
noted that a higher Young's modulus and a lower Poisson's 

ratio were derived from the specimen tested under a higher 


stress ratio K. 


3.8 The Influence of Anisotropy on 
Embankment Stresses and Displacements 


Since a compacted earth embankment is placed and 
rolled in horizontal layers, it might be anticipated that 
some degree of anisotropy exists. In fact, anisotropic 
property is indicated in the reported differences in the 


coefficient of permeability in horizontal and vertical 





s(t 
. -i7 fa 
- R i ft 
Ort / oa : 
frixe att .¥ oF sey eeatd2 Say MO oat bragsu were 7 7 
- a 
‘4yammeztys we Vebou [roe & to qthznotsefor ‘atente ; - 





basevteutl! 2F moti btyev etnT yay bivow govits eRe 
vigate-ceovse lethomrrsgxs Sat pntveqmio yd Cle ‘era nt 7 
notesarqmos ferxetyd Tedorsnevnes baé sFgortoet antsub 4otvered 
onrbpo! errr. vt gotese eearde sat .enantoage feotansbt no 
sottibnoo ¥ instemos 46 eseso Fsfaege ons ons edt sq 
ot (supe #%5 Sotezsvqmoo: TBLMBnT bint shan net nt A to zouley 
oF avowe nhette-e2e32e ahr Tovtdosqea' o7sx- bn&, Ono c 
nadogone od Tiow Yer ano bine CFSE HegNISD SUTEV 758 entven Thoe 


-seavte (eixe oad. eanic 24¥4us ow? oeods neewted Qtt OF 


ef - vith vot beer vf evose et ioe aft to svwo. nterde aan 
isyronitg afd Pat Taeee OM 2 “grand ~enivubom oiazetea | t. 

snot detvev oAT  2eedoieony SI2egte one gonsultnt bisow oti 64 _ 
ows 107 eohten PRBS fegthantsq aityw 2193 mesg gttenta too 
26w 21 . (osot) .fe dS efFotod vd nwod2 26m zlroe bstoasqmoD a 


'noozirod rowoh # bab z2ulubom @ ‘onuoY vetohh 6 dent, baton am 
senpid « Yobon be fess BARTS Te: * sit wort bavi orsw Osmo . 7 


eT dats leech 


bis ote a name tty 


fe we 





149 

directions for several completed dams (Sherard et al. 1963). 
However, due to fewer parameters needed to describe the soil 
behaviour, studies related to embankment performance so far 
have always assumed the properties of compacted material to be isotropic. 

The simplification is convenient and useful in solving 
practical problems. The adequacy of assuming isotropy in 
studies relating to the stresses and displacements of several 
dams has been reported (Clough and Woodward, 1967; Kulhawy 
and Duncan, 1970; Eisenstein et al., 1972). However, the 
general use of this assumption without knowing how much the 
anisotropy influences the stresses and displacements in the 
embankment might be questionable. In the following sections, 
some aspects regarding the stress-strain parameters of an 
anisotropic material are discussed and a parametric study 
is conducted on a model dam to investigate the differences in 
behaviour due to anisotropy. The material is assumed linear 


Sas Vice Mathers LUG y. 


Seow lem obLessS- Sthailn Relag 1Onshnipseior 
Anisotropic Soil 


It has been shown by Lekhitskii (1963) and many others 
that thirty-six elastic parameters are used to generalize the 
linear elastic stress-strain relationships (generalized Hooke's 
law) of a homogeneous, anisotropic body which has no elements of 
elastic symmetry. To ensure the existence of the strain-energy 
function, these parameters are connected by certain relations 
and hence the number of independent parameters is reduced. Thus, 


for the most general case of anisotropy, twenty-one elastic 


parameters are needed to determine the complete stress-strain relation. 
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The form of anisotropy that Usuathys@oceursein 
construction material is orthogonally-anisotropic. A body 
of this form of anisotropy has three orthogonal planes of 
elastic symmetry at each point and nine elastic parameters 
are needed to describe its elastic stress-strain response. 
Among all these forms the simplest case, and the one likely 
to be encountered in geotechnical engineering occurs when 
the principal axes of anisotropy aré everywhere vertical 
and horizontal and when the properties in all horizontal 
directions are the same. This kind of anisotropy has 
generally been referred to as cross-anisotropy or transverse 
isotropy. Takimeshorizontal planes as X-y planes and the ver- 
ti¢al*direction as the Z-aAxXVS se che StYess-strain Velationshi ps 


for cross-anisotropy soil can be expressed as: 
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where Ey is Young's modulus in the horizontal direction, 
EY is’ Young's modulus°in. the vertical direction G, 1s. the 
Shear modulus in a vertical plane, Yuy isY POUSS ONE Se ratio 
for strain in any horizontal direction due to a horizontal 


direct stress@ater ighty angi es lands» 1s POISSON: sor ati6 


HV 
for strain in the vertical direction due to a horizontal 
direct stress. As may be noted there are five independent 
elastic parameters involved in the relationships. The 


following equality, which was proved by Love (1892), was 


introduced in the formulation of the previous equations. 


vil Yuy 
E 
Vv 





= (388°) 
EY 


where we lsmieoOusson SunatiO. tor Strainwan the. horizontal 
OiGectlOn due tolaseveritical_direct._stress. 


Using the coordinate transformation procedure of 


Lekhnitskii, (1963), the Young's_modulus E, for an anisotropic 


S) 
soil with its axis inclined at some angle 6 to the horizontal 


can be expressed as follows: 
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One interesting point emerges from an examination of this 
eGud GLOleess Lt 1S) DOUSSIDIG that a material 1s anisotropic 


even though eit possesses Eih = EY —eEw alia Vanes Mie ve The 


modulus, E Will not equal to — or the material will not 
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Parameter, it can have a value which bears no relation- 
ship to other parameters. Therefore, although Ey = EY and 
Von = vay are necessary to ensure isotropy they are not 
sufficient. 

In view of previous discussions, it might be clear 
that compression tests on specimens Sampled with their axes 
in horizontal and vertical directions may be used to determine 
the four independent elastic parameters for anrsoLnwopICc soil 
other than cing In order to determine Gy ee liga Dla sa 
compression test on specimens sampled with their axes inclined 
at some angle 6 (45° jis an obvious choice) is necessary. From 
this: tesc, E, or Faso can be determined and hence G, can be 
calculated from equation (3.4) with the known values of 8, 


E ces Ey and nae For an incompressible material, which 


OG <v 
may represent a soil under conditions of full saturation and 
no drainage, the independent elastic parameters are reduced 


from five to three, namely E> E,, and G. However, 


H 
compression tests on three specimens as mentioned earlier 

are still necessary for the determination of these parameters. 
The other two previous independent parameters are now related 


to these parameters in the following way: 


VHy 


(3.5) 
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These relationships can be conveniently derived by 
setting the ARR AREE Strain under general stress conditions 
equal to.zero, 

By further reviewing the volumetric strain and stress 
relationship which can be expressed as follows, another 


interesting behavior of anisotropic material can be observed. 


1 E 


2 H | 
Sten a 3E,, [(1-vun . Yyy) (Otay) + CE i evi) one 

ss Kan “oct (3.6) 
where 

(l-vuy - ed bles ae ee Uhl me 2Vi) Oo, 
a 3 all Sipe mapas ait) 
E 
and fee =n 
V 


From this expression, it can be seen that, unlike 


the bulk modulus of isotropic material, Se depends not 


only on the elastic parameters but also on the applied 


stresses. Consequently, o Can induce both the same sign 


oct 


and the opposite sign of e t depending on whether 


Oc 


an an 


This point implies that dilatant material may be 


treated by anisotropic elastic theory (Pickering, 1970). 
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S-6-¢ Boundangs Values, on. Elastic 
Parameters 


Since it was assumed that a soil may be treated as 
an elastic material, the parameters used for describing 
the stress-strain relationships Ofy anASOTKOD UG SOidgas 
presented in section 3.8.1 must satisfy the strain energy 
requirement for that material. It is clearly recognized 
from thermodynamic considerations that the strain energy 
of an elastic material should always be positive. By. 
expressing the stress-strain relationships in section 3.8.1] 
if Mate ix trOMp ashen Je =p |edojs-therstradnpenergy perg unit 
volume of anisotropic soil can be evaluated from : wica 
{o}. To ensure this value will be positive, the elastic 
parameters are bounded on their values as follows 


(Picker ing.e 19/0). 


ie 


D Vv 
Ga) 
Ey 


Gc Vi < oe (Vi) 


For an incompressible material, the first of the 
previous two conditions is necessary, while the other 


CoOndie1on Gipson, 1974) 4s 
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SPO TOmnMtS OLY Op TC Anal ySis "OTe 
Model Dam 


The sections shown in Fig. 3.10 represents a 
symmetrical half of the maximum transverse section of a 
medium size dam. In order to study the influences of 
anisotropy this same section was used in all the analyses 
with different anisotropic elastic properties for the 
material. Different anisotropic properties were introduced 
by varying one or two of the five independent parameters 
ciscusseds previously. In payiticular, variations of Eu: 
Vig and ae from the values required for isotropic conditions 


were of particular interest. Parameters EY and v were 


VH 
kept the same in all the analyses. Instead of Vuy TUS 
more convenient to consider Vv), as an independent parameter 

in this section. Details of the values used for each parameter 
iieecacimanekysiscedGe =l1Sted in Table 321.. “A total of nine 
analyses were performed. 

In all the analyses, it was assumed that the dam was 
constructed in ten lifts and had an average density of 140 
1b/ft>. The foundation supporting the dam was assumed to 
be rigid. The section was assumed to be deforming under 
plane strain conditions. The stress-strain relationships 
for cross-anisotropic material in plane strain conditions 
can be derived from the three dimensional relationship 
disctissedsin Section 3toOrheby Setting zero normal and “shear 


Strains -relating*to-the = ptane ‘normal to°x-or y “direction. 


Mn etheranaltysess the-pD]*in-Loju= (D]fel°relationship can 
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be expressed as follows (Zienkiewicz and Cheung, 1967). 
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3.8.4 Results of the Analyses 

Resultswoteathesanalyses are shown in Figs. 3 1) Co 
Cel ieeminechesest1ouressathe settlements» along whe Centre lane 
of the dam, horizontal movements at a height of 0.4 H and 
shear stresses along the base of the dam are presented. 
Horizontal movements at a height of 0.4 H were studied 
due to the fact that a maximum value occurred about this 
SLlevatione hromsri1gs. GellstO s.1o SnOWIng sindiVv idl 
Tie Uenees eos 8C.7. Ey Or Vins Toca Nee nO CeO mihaues com Lemenus 
decrease and shear stresses along the base of the dam increase 


with the increasing Gy» Ey or Vive Outward horizontal 
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displacements decrease with increasing Gy, and decreasing 
E 


iG Vine By considering approximately the same percentage 


H 
of deviation from an isotropic condition, it was found that 
the parameter Ey had the most significant effects on the 
embankment behavior. If aT is 50% less than the value 
required for isotropic conditions, the West sica Lal lated 
from isotropic theory will underestimate the actual maximum 
settlement by about 20% for values of the parameters 
considered. The maximum outward displacement at a height 

of 0.4 H and the shear stress along the base of the dam will 
be overestimated by about 100% and 50% respectively. 

In an actual cross-anisotropic material, however, the 
inequality between Ey and Ey is always accompanied by a 
difference in Yun and Vy. Moreover, a value greater 
than unity for EY/e is quite often accompanied by a value 


smaller than one for Vil Or vice versa. This condition 


VH 
is especially true for an incompressible material. From 
equation (3.5) presented in section Ss Weel Col Swed Ly, 
verified that if EW/Ey of an incompressible material is equal 
totas. then See Pei Ws wecuale to 0.5.5 lna cross-anisotropic 
SOil, the relative variations of Ey/Ey and Vay may not 

be exactly similar to an incompressible material. However, 
from field evidence, the tendency for similarity has been 
observed. . Seismic tests ona gravel bed beneath the Huskey 


Tower reponted by Clark and Robinson (1971) indicated that 


ratios of Young's modulus in horizontal and vertical directions 
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ranging from 1.27 to 1.81 were accompanied by ratios of 
POISSON S ra mito in Une salle directions ranging from 0.45 to 
0.66. Regarding the ratios of Young's modulus in horizontal 
andevertrcaie directions. a Similar range of Values had also 
been measured for London clay (Ward et al. 1959; Ward et 
al. 1965). Some measured anisotropic properties of compacted 
iene Leeiscus sod in Ghapten ll. | sO=star, complete data 
concerning anisotropic stress-strain properties of compacted 
material has never been reported in the literature. | 
In spite of this, Skermer (1973) commented that- the anisotropy 
in a dam was likely to have values of Ey/E, <1 and Vilvy oeale 
Since thesiield evidence seems to indicate that EY 
and Vu do not deviate from isotropic values separately, the 
combined effect of EY and Vii was studied with two sets of 
values while maintaining G, at a value equal to E,/2(1tviy). 
CMC emfinsteinVvestigqation Values of Ey/e = 15 and 
Vi Yn = 0.5 were chosen and for the second investigation 
E/E, = 0.5 and Vand Yu = 1-55 he results of the analyses 
are shown in Fig. 3.14. From these comparisons between 
results Of the first investigation and those ot analyses 
No. 4 VERE. =o aa Vi! Vy y = 1) and No. 6 Sa pee 
Von Yu SeUeo) Ote lap lease ls eon from thems im imiarm comparisons 
fOM Pee SCCONdMINVEStIgdtion., sites) Clear sthat E/E has a 
greater effect on an embankment behaviour than Vin va: In 
the former case, the similar trend of deviation from 


isotropic behaviour, (i.e. settlements are less than those 


of isotropic conditions) is observed for first investigation 
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and analysis No. 4. As compared to the individual effect 
from Ey Or Vis the combined effect of EY and Vi showed 

a lesser extent of departure from isotropic behaviour due 

LOsa Mi soLcrODy.useror the “values investigated as may be 
observed from Fig. 3.14 the differences were aot 10. 

15% and 20% in maximum settlements, maximum outward dis- 
placement at a height of 0.4 H and maximum shear Scresseaiondg 


the base of the dam respectively. 
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CHAPTERS IN 
PORE PRESSURE AND EFFECTIVE STRESS ANALYSES 


4vlSnintroduction 

Estimation of pore Pressures generated in an earth 
dam during construction involves the solution of a moving 
boundary problem. Several numerical techniques (Gibson, 
1958; Koppula, 1970) have been developed to solve this 
difficult problem. In these methods, total stresses which 
generate the pore pressures were assumed equal to overburden 
Pressures. As has been discussed previously, vertical 
Stresses in the core may differ Significantly from overburden 
pressures due to load transfer. In this Chapter the signifi- 
cance of this factor on pore pressures in the core is studied 
with a finite element program (Krishnayya, 1973(b)), which 
facilitates the incorporation of calculated stresses. 

During the construction of an earth dam, excess pore 
pressures are generated and partially dissipated as the dam 
is being built. Some deformations take place under relatively 
undrained conditions and some are due to pore pressure 
dissipation. In order to evaluate total deformations by 
Summing up these two components, an effective stress analysis 


is proposed. 
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4.2 A Brief Review of Methods for 
Estimating Construction Pore 
Pressures 

A comprehensive review of methods for estimating 
construction pore pressures in an embankment has been made 
by Sherman and Clough (1968). These methods, which were 
described in detail by Sherman and Clough, are mentioned only 
briefly here. For completeness, some methods which were not 
included in the previous review are asles opt iis Gu ssieds. 

Bruggeman et al. (1939) proposed a method based 
on the assumption that the time rate of change of the sum of 
the volumes of moisture and free air in an ea ath: miacs'ssriss 
caused by: (1) flow into the unit volume due to percolation; 
and (2) change in the free-air volume due to changes in 
pressure and temperature. This time rate of Change is 
equated to the time rate of consolidation, and the integration 
of this equation provides the solution for the problem of 
transient pore pressures. 

Hilf (1948) utilized the groundwork by Bruggeman 
et al. (1939) and developed a simplified approach to the 
estimation of embankment pore DICES SUNGE ECU RING SCOnS EUG tion. 
With a condition of no drainage, he postulated that the pore 
water pressure in a consolidating soil could be related to 
the amount of compression by combining Boyle's law for the 
compressibility of air with Henry's law for the solubility 
of air in water. Although the assumptions used in the 


development of Hilf's method limit its GPO hiucabkkitys the 
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method eliminated complex mathematica] Cert icuelet ves Sec Wier 
(1956) criticized his own assumption of ‘no ‘surface tension. 
The assumption of no drainage is OVverconserva tive! party cu 
larly when internal drainage is provided. Despite the 
drawbacks inherent in Hilf's method it often enables a 
reasonable estimate ot construction pore pressure to be made 
with the available data from consolidation and compaction tests. 

Bishop (1954) proposed the use of the pore pressure 
ratio B for the determination of POVeepDGesSsure Setup inean 
earth dam. Since the ratio B varied with the principal stress 
ratio, do. fac, it was suggested for an accurate determination 
of the value, a testing procedure should be used in which the 
principal stress in the tests approximate the actual soil 
Stress during construction of the dam. 

Bishop (1957) found the estimation of pore pressure 
with the assumption of no drainage Ghrouchouc construction 
to be overconservative. He pointed out that the pore pressure 
dissipation during construction shutdown resulted in a two- 
fold effect on the value of excess pore pressure ina dam. 
The effect was not only to reduce the excess pore pressure 
already set up at any stage of construction, but also to reduce 
the increment of pore pressure which would occur, under un- 
drained conditions, when the subsequent layers of sivii were 
placed. An approach similar to that described by Hilf (1948) 
WismUSeCUs LOMpProV Gerd sSOlULTON HOt SUG a case, 

Bernell and Nilsson (1957) developed electric analogue 


equipment for the study of transient, two-dimensional flow 
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problems in earth dams. The equipment permitted an analysis 
OfeConstructtoniporeepressuresyvat any time during the 
construction of the dam. The method was essentivallysforufill 
placed under wet conditions. 

Gibson (1958) considered the pore pressures set-up 
in an earth dam as a one-dimensional moving boundary problem. 
In the formulation, pore pressure dissipation during construct- 
ion was conveniently taken into account when estimating pore 
pressures. 

Koppula (1970) extended Gibson's formulation to 
include two-dimensional pore pressure dissipation in the case 
of earth and rockfill dams. Withouth a stress analysis, the 
major principal stress increment required in the formulation 


was approximated by the overburden pressure increment. 


4y3) Finite Element Pore Pressure 
Analysis 


From the previous review, it became obvious that the 
methods available for analyzing construction pore pressure 
in a dam were based mainly on finite difference formulations. 
Idealization of a cross-section into a rectangular mesh was 
generally done in this type of analysis. Although in some 
instances the accuracy of pore pressure results might not be 
Seriouslylaftected wath proper, idealization. the actual 
drainage paths in vertical and horizontal directions were 
inevitably altered. Moreover, the approximation of major 
principal stress increments with overburden pressure 


increments employed by previous methods might be less 


acceptable for the case when load transfer from core to shell 
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was Significant. An improved formulation was thushd ed taitonbe 
necessary for the present study. A finite element program 
(FECP 2D), which was then developed by Krishnayya (1973(b)), 
was used in all the pore pressure Ineaiysesein thisaanvesti- 
gation. 

The development of the program was based on the 
finite element formulation of the heat conduction problems 
discussed by Wilson et al. (1966). The asaarnn ae differential 


equation was: 


GC (aou Se Sn ) = ou = B cay 
Vv yx° aye ot ot 
where 

Cy - the coefficient of a consolidation of the 
embankment material 

U - the excess pore pressure 

oe the total major principal stress in which the 
changes occur only due to the changes in the 
applied loads 

cad ‘ Au 

B - the pore pressure ratio Gm 

at 
ue - the time variable 


Triangular elements with linear pore pressure 
functions were used in the program. The equations were 
solved by the Gaussian elimination procedure. The values of 


Cy and B can be changed at anyestage Of “the construction step 
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by assigning the relevant material properties to the elements. 
The main improvements achieved in this program are: 

(1) Complicated geometry, boundary conditions and 
the non-homogeneous material distribution can be easily 
Simulated in the analysis. 

(2) Simplifying assumptions on the magnitude of 
major principal stress are not necessary since the stress 


is obtained from the finite element total stress analysis. 


Api econsiderations of Band Cin the 
Pore Pressure Analyses 


The use of the pore pressure ratio, B, for estimating 
the pore pressures generated in an earth dam was suggested 
by Bishop (1954). The advantage of using this ratio is that 
pore pressure can be expressed as a direct function of the 
major principal stress. Without performing detailed analyses 
to determine other principal stresses and with the approxima- 
tion that the overburden pressures be considered as the major 
principal stresses, pore pressures may be conveniently 
estimated. However, from the following expressions (Bishop, 


1954) for pore pressure ratio, 


B pe = (ys nal o = 
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where K is effective principal stress ratio, Ag3/ho, . ne SRG 
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clear that B is a function of Dp lNCapal eSetness srait01.. he 
test results demonstrating the influence of DAHL NGHDiall, +S tives s 
ratios on pore pressure ratios have been Diges ent edieb yy sBsi.s ho p 
(1954). Proper judgement on principal stress ratio expected 
in the dam is thus necessary in order to determine a B value 
which is suitable for estimating pore pressures. 

If the total stress analysis becomes a Daily Ote eb nie 
whole analysis, it is possible that the judgement required 
in the previous method concerning the principal stress ratio 
can be eliminated. Subsequently, it may appear the improved 


results can be obtained with the following (Skempton, 1954) 


or the similar but more general (Henkel, 1960) expression. 


ULE! Lip [Ao, vee HL US Ao,)] 


Major and minor principal stress increments 
obtained from a total stress analysis can be used directly 
in the above equation. While the preceding argument 
seems to be valid it will be noted that instead of one, 
two pore pressure coefficients, A and B, are needed in the 
equation. Unlike those for saturated soils, B values for 
unsaturated soils are not equal to one and have to be deter- 
mined experimentally. The coefficient A whose values vary 


for different soils, is also determined from the tests. 
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Since the value of A is not independent of the principal 
stress ratio, a similar problem as in the determination of 
B will be experienced in the determination of A. In view 
Of these, the application of the latter approach may not 
gain much accuracy in the results, but it may increase the 
complexity. 

Although incorporation of any one of the two previous 
expressions can be made in the present finite element program, 
based on the previous comments, the B approach has been 
formulated for this study. As has been discussed previously 
the central core in a rockfill dam is more or less under a_no 
lateral strain condition. hence B Values used in all analyses 
are determined from no-lateral-strain compression tests. 

After the development of the Terzaghi consolidation 
theory, the value of the coefficient of consolidation has 
often been referred to as that determined from the oedometer 
CeStee so 1s KNOWN. ad Particular feature OT this test as the 
imposition of a one-dimensional strain condition. If a 
saturated soil can be regarded as a linear elastic material 
with constant permeability, it has been shown (Davis and 
Poulos, 1963) that the values of the coefficient of consoli- 
dation determined under different strain conditions may be 
different. Coefficients of consolidation for three different 
strain conditions may be expressed as: 


. ee aoa og kK for one-dimensional 


W v cw strain case 
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C " kE' for two-dimensional 
v2 a eT eet ae) Strain ccase 
Chet Gr aA for three-dimensional 
W Strain case 


where k is the coefficient of permeability, my is one- 
dimensional compressibility, E' is Young's modulus in terms 
of effective stress, v' is Poisson's ratio in terms of 
effective stress and Ka) is the density of water. From the 
above expressions, it is noted that three coefficients differ 
the most when v' = 0 and the differences decrease as v' 
increases. Coefficients of consolidation used 

in this study are determined from oedometer tests for reasons 


Similar to those for determining B. 
4.5 The Influence of Load Transfer on 
Construction Pore Pressure 

Hihiecetinstsilience sorpsload transfer on the total stress 
distribution in a nonhomogeneous dam has been discussed in 
previous chapters. As a consequence, construction pore 
pressures which depend on the magnitude of total stress were 
inevitably affected by this load itransfer..cdm this section, 
the same nonhomogeneous dam section as shown in Fig. 3.4 was 
used to study these influences. Since only two-dimensional 
analyses on a transverse section were performed, it was 
assumed that load transfer due to cross-valley arching was 
less significant for the cases in the study. This 
assumption may describe closely the actual conditions ina 


great number of zoned dams except for those in very 
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steep-walled V-shaped valley Cen easiopes not yish) 

In the analyses, it was assumed the model was built 
ata. continuous and iuniform*rate of 10 ft/month. The dam 
which was 300 ft. high was Lepresentedsby¥tenelayerseof 
elements of uniform thickness.: The core and shells which 
might have different modulus values had the Same density, 

(a= 0140 lb/ft, andePatssonus Katiogtivy =f0685strintondentto 
compare the pore pressures set-up in an earth dam due to 
different degrees of load transfer, analyses were preformed 
for the following four cases: 

(1) Major principal stress increments in the core 
were equal to overburden pressure increments (i.e. Ao, = yAh). 
Total stress analysis was not required for this case. 

(2) Core and shells had the same modulus, 

Eshell = Ecore = 1000 Kips/ft¢. Total stresses were obtained 
from total stress analysis. 

(3) The modulus of the shell was five times the 
modulus of the core, Eshell = 5Ecore = 5000 Kips/ft¢. fotad 
Stresses were obtained from the total stress analysis. 

(4) The modulus of the shell was ten times the modulus 
OrmtnetéoressEshell.=ebobEcorerv=1109000 Kips/ft¢. Total stresses 
were obtained from the total stress analysis. 

Two-dimensional dissipation was considered in all 
four cases. The core was assumed to have a coefficient of 


consolidation, CY =150 ft¢/month and a pore pressure ratio 
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bie? 10. 50in tithe inesalrtis -of DOW egraiye Ssuivel a na eys-iseef or? the 
center of the dam are shown in hal gist @4 clatamndy Air2y. valine Faigi. 
4.1, slight differences in results for case (i jyfands ids ican 
be noticed. These differences were mainly due to the fact 
discussed in Chapter III that major principal stresses in 

the central part of homogeneous dam were not exactly equal 

to overburden pressures. For the rate of construction of; the 
dam and drainage properties of the core di SOUS edieiinieth is 
investigation, it was found that if there were no load 
transfer in the core as in case (i), construction pore pressures 
in the central part of the dam increased continuously. How- 
ever, for cases {ii11) and (iv), total stress increments in 

the lower part of the dam were Significantly less’ in the later 
Stages of construction. Therefore, pore pressures were 
dissipated faster than they were generated: "As a result. 
unlike case (i), pore pressures in the lower part of the dam 
in the later stages of construction were less than those in 
some previous stages. 

In Fig. 4.3 pore pressure profiles at the end of 
construction for the four cases are presented. From these 
dimensionléss plots, the significant influences of load 
transfer on pore pressures generated in a dam are obvious. 
The great differences in results between case CT y wren 
Eshell = Ecore and case (iii) with Eshell = 5Ecore indicate 
the comparable importance of the load transfer which occurred 


at a lower value of the ratio of Young's moduli of core to 
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Sie R.t Wimedthevoresent Study, when Eshell > 5Ecore, total 
stresses in the core were reduced at a decreasing rate and 
hence the pore pressure resubtstfor icase. Chti ji where Ese) = 
sEcore and (iv) where Eshell = 10 Ecore were not greatly 
different. 

An analysis was also performed assuming one-dimensional 
dissipation and major principal stress increments equal to 


overburden pressure increments on the Same core section. The 


2 
ples. = 60) 


Cy 


pore pressure profile at the end of construction 


obtained from this analysis are also PPCM Beh Ta Ie. Ze S. 
In the same figure, Gibson's one-dimensional solution (1958, 
2 


Fig. 3) on the relation between Uy vialeamdex:/ Neate teat =GA iO 
C 


constant rate of sedimentation is shown. NPR pace ee 
Soils were dealt with by Gibson, presentation or pore 
pressures in normalized forms facilitated the comparison 

of the two solutions. The pore pressure y'h generated in 
sediment is comparable to B yh in compacted earth dams. As 
May, be seen from the figure, the pore pressure profiles from 
the two solutions do not differ Sa Nn data ayn tal Vy. 

In Fig. 4.3, the great differences between one- 
dimensional dissipation and two-dimensional dissipation results 
are also displayed. The importance of the effectivenesses 
of Side drainsssis) thus indicated... The infiuence..of various 
degrees of effectivenesses of side drains on pore pressure 


dissipation has been discussed by Koppula & Morgenstern (1972). 
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No detailed studies are attempted here. 

Since load transfer from core to shells rather than 
the opposite, are the more common Situations in most dams, 
the influence of this type of load transfer On pore pressures 
set-up has been the main study in this section. From the 
results of the studies it is pertinent to note that without 
considering the load transfer in a dam having soft core and 
rigid shells, the pore pressures will be Overestimated. The 
consequence of this overestimation can either be on the safe 
Side or the unsafe side, hence proper consideration of load 
transfer is necessary. When a dam has a rigid core and soft 
Shells, load will be transferred from shells to core. With- 
Out consideration of the load transfer, pore pressures in 
the core will be underestimated. 

4.6 Consideration of Possible Treatment 
of Total Deformations 

Total deformations ;in cohesive soil have conventionally 
been treated as the summation of immediate deformation and 
consolidation deformation. Immediate deformations are always 
referred to as the deformations occurring during undrained 
loading, and consolidation deformations are referred to those 
taking place as the consequence of dissipation of pore pressure. 
In several methods (e.g. Skempton and Bjerrum, $952; wDiaV its 
and Poulos, 1963) which have been proposed for the analysis 
of foundation settlement similar principles of obtaining 


total settlement were suggested. Total settlements at any 
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time t after the load application is equal to the sum of 
the immediate settlement or undrained settlement and 
consolidation settlement occurring at time t measured from 
the time of application of the load. Although the procedures 
for obtaining consolidation settlement were different in 
these methods, the settlement was generally attributed to 
the effective stress increases resulting from the dissipation 
of pore pressure. | 

In finite element analyses, the previous approach of 
obtaining total deformations may also be introduced. The 
scheme of the possible treatment is illustrated in Feigts 64-44: 
In the first stage, total stresses and immediate deformations 
caused by external load or self weight can be calculated 
from a standard finite element analysis. In this analysis 
elastic moduli with respect to total stresses, E and v, are 
generally used. With the total stresses and drainage 
properties of the material known, the pore pressure at any 
time after the application of the load can be determined from 
deponeypnessune ahdhysis. (elnihthtspanalysis iters ustial hy 
assumed that total stresses do not change during consolidation. 


ine changeainapore *pyessute frnomtitseinitiah value; u at any 


6) 7 
time ty can subsequently be evaluated in the second stage. 
In the third stage, the effective stress increases, which 
result from the dissipation of pore pressure, are set equa | 


voy pore pressure changes. The fourth stage requires convert- 


ing the changes in effective normal stresses into equivalent 
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nodal forces. Such forces constitute the loading for the 
finite element analysis to evaluate consolidation deforma- 
tionscaused by increases in effective stresses. tna thas 
analysis, elastic moduli with KeSPCeclito ei Tecth viens tresses . 
PeG andewdn’ and the appropriate stress range are used. After 
the completion of the four Stages, the total deformations 
at time ty can be obtained by adding the immediate deforma- 
tions calculated in first stage and the consolidation 
deformations determined in fourth Stage. This type of 
approach has been suggested by Eisenstein (1974) for 
evaluating the deformations during the "steady seepage" stage. 
Regarding the complexity in programming, the approach 
discussed in this section may be more suitabl yoapplied’ to 
cases where total stresses do not change with time. The 
changes include those caused by consolidation and by the 
application of external loads. It thus seems logicall to 
apply the approach to the analysis of foundation settlement 
Or to calculating deformations in an earth dam during the 
"steady seepage" stage. In these problems, there is a more 
or less clear division between the undrained Stage 
and the drainage stage. In the latter stage, total stresses 


may be assumed to remain more or less constant. 


fp eDISCUSSTON. OF. the Assumption of 
Constant Total Stress During 


Consolidation 
The assumption of constant total stress during 


consolidation has been considered and subsequently used in the 
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Present study. It is known that the same assumption was 
generally used in consolidation formulation based on the 
Terzaghi-Rendulic theory. The inadequate representation 

of the continuity of the soil mass uSing this assumption 
was recognized by Biot (1941) and hence the Biot consolida- 
tion theory was developed. A thorough review of the two 
theories has been presented by Schiffman et al (1969) in 
which the advantages and limitations of the two eee 
were discussed. The reasons for using the former approach 
in this study are as follows: 

(1) As the result of the comparison between settle- 
ments calculated using the Skempton-Bjerrum method (1957) and 
those based on the Biot theory, Hwang et al (1972) indicated 
that the Skempton-Bjerrum method, which does not consider 
total stress changes during consolidation, can be used for 
most practical problems. 

(2) teal tanticsec Onsadered important to incorporate 
the nonlinear stress-strain Veldtaonshapsect son lvanethne 
present study. So far, finite element formulations based 
on Biot theory (e.g., Sandhu and Wilson, 1969; Hwang et al. 
1971) have only incorporated linear elastic stress-strain 
relationships. The complexity involved in those formulations 
tends to inhibit the incorporation of any more sophisticated 
stress-strainyrelationship. 

(3) Problems involving incremental loads (e.g., an 
earth dam during construction) may be formulated easier using 


the approach considered. The Biot theory has only been used 
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forsingle load increment problems (e.g., a foundation problem). 


feo TeC Ives Eress Analysis of Earth 
Dam During Construction 


During the construction of an earth dam, pore pressures 
are generated and partially dissipated as the fill is placed. 
Except for seasonal stoppages (e.g. winter shutdown), it is 
difficult to draw a clear division between the undrained stage and 
the drainage stage. As was discussed in section 4.6, the 
conventional treatment of total deformations may be less 
COnVenVeMmteto apply eto rthis type ot problem. ein this icasic, 
it may be easier to correlate the deformations with effective 
stresses at all times. Incremental deformations may be 
attributed to the ichande's “in effective “stres's: 

The general scheme, which has been described by 
Eisenstein (1974), of using the effective stress principle 
in the analysis of deformations in the core is shown in 
Sim oro For "every "construction "stage ‘changes rn btoltatl 
Stresses, “Ao, “are computed by "a ftotal stress ‘analysis ©"ewith 
Ao and the drainage characteristics of the material, B and Cy 
known, the pore pressure increments, Au, for every element 
and given time interval, can be calculated from a pore 
pressure aid Kysis’ * Since sthe changes aim seffective stress 
Ac, are equal to the changes in pore pressure assuming 
Cons taivt=votal’ Stress during seconsohkidation. these fective 
stress changes are subsequently obtained. lhe displacements 


components Av, can then be calculated from the changes in 
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effective stress and elastic parameters with nes pec ti eo 
effective stresses. More details regarding the procedure of 
introducing effective stress analysis in the entire dam are 
Snown sing Fi Gis 46:5 toe Feiigt 468)... As Gn the standard incremental 
analysis, the full height of the dam is divided into several 
construction layers. The time history of the construction 
which includes the times to fill the layers and the time 
period of the shut-down should be known. The herent versus 
time relationship used in the analysis is shown in Fig. ce oe 
Remenmeing gO Fidee4tvyaandetaigs. 4e86 the procedures for each 
layer may be described as follows: 

(1) Finite element analysis is performed to obtain 
total stresses, Oona and Coan? in the shells and core of 
layer A due to self weight. Elastic moduli with respect to 
total stresses, E and v, are used in the analysisenenheetotal 
stresses obtained are assumed constant between time t and tn 
which are the times of starting and completing the placement 
of layer A. After the total stresses are determined the 
finite element program (FENCP 2D) which has been described 
in section 4.3 is used to determine the pore pressure in 
every element in the core at various times. In order to 
evaluate deformations, Vonata and VOAAtA? in the shells and 
coresofelayer(Aljateatime tye a finite element analysis is 
performed with Sonn and (Sonn - Un) as the loads in shells 
and coretnespectivelys thlasticamodul iawath fFespectfto 


effective stresses, E' and v', are used in the analysis. 
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(2) When a new layer B is placed on top of layer A, 
aerinite element ‘analysisi tis performed to obtain the total 
stress changes, Adcnp and Aden? in the shells and core of 
layer A due to the weight of layer B. Elastic moduli with 
Reo pectGeGtomro td les Preess as | YE fand evigieay-e bused Gi muthe@aanalysis. 
a tp is the time of completion Of SlayerrBsiathe total tsitress 


changes determined are assumed constant between time t, and 


A 
Br With the total stress changes known, the pore pressure 


t 
difference, (Ui. - Ura)» between time tp and th can sub- 
sequently be determined from a pore pressure analysis. In 
order to evaluate incremental deformations, AVeonptp and 
AVeABEB? in the shell and core of layer A between time thy 
and tps a finite element analysis is performed with Adonp 
and (Adcnp - (Ui. - Usn)) as thedloadsfin sheliistand core 
respectively. Since no excess pore pressure is generated, 

Ad opp obtained from total stress analysis is directly used 
Haecie+Shelie@e Etasticemoduliewith respectrtoieffective 
stresses, E' and v' are used in the analysis. 

For each additional layer, procedure (2) is repeated 
to evaluate the incremental deformations in layer A. Total 
deformations in layer A when the fill reaches the full height 
of the dam is obtained by summing the deformations calculated 
in procedure (1) and all the incremental deformations 
calculated in procedure (2). 


In addition to the reason explained in the first para- 


graph of this section, another reason for employing effective 
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stresses and elastic parameters E' and ViGetonobtain 
deformations in layer A at the time of completion is the 
consideration of the nonlinearity of the stress-strain 
relationship. At this- stage, the effective S Cres seine tie 
compacted core is generally not equalytotzero butthas an 
initial value. This value should be introduced into the 
analysis before performing the analysis for the next increment 
offeffectiveistress: 

The use of elastic parameters, E' and yigeto evaluate 
immediate deformations may be more suitable for the case 
when volume change due to shear in the soil is not signifi- 
cant. If a saturated soil behaves as a linear elastic 
material with ideal pore pressure response (A = t), the use 
of the elastic parameters, E' and wv', for evaluating 
deformations will yield results similar to those obtained 
with elastic parameters E and v. This approach has been 
generally used in the Biot theory. However, if the volume 
change due to shear is significant, then immediate deformations 
calculated with E' and v' may not be the same as those 
determined with E and v. Ina total stress analysis, zero 
volume change (v = 0.5) is usually assumed for saturated 
SOil in undrained loading. In an effective stress analysis, 
if the volume change due to shear in soil is Sigmiuiticant 
(A # 5) undrained pore pressures computed using the Skempton 
or Henkel expressions, result in a non-zero value of the first 


invariant of the effective stress tensor and non-zero volume 
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Change, @lhis ty-pe—of inconsistency has been noted by Hwang 


Biteadae (1972). 


4.9 The Accuracy of Procedure Used in 
Effective iStress Analyses 


In order to check the accuracy of the present pro- 
cedure used in an effective stress analysis, a rectangular 
Saturated clay core with incompressible and ‘perfectly 
efficient’ side drains (Koppula and Morgenstern, 1972) is 
studied. The configuration of the problem is shown in Pyiele 
‘oe ihe rate Of pore pressure dissipation fora similar 
type of problem has been studied by Koppuila and Morgenstern 
(1972) using the finite difference method. For comparison, 
it is assumed that there is no friction between the clay 
Gorenandethe sidewdrains in the present analysis. After _a 
uniform load of 2 Kips/ft¢ is imposed on the surface of clay 
cores the excess pore pressures at the surface and the 
interfaces of clay core and side drains are assumed zero 
eacenLies mm neslaveridlenroperties of thessoil okeleron 
of the clay core are assumed constant and have the following 
values: Young's modulus, E' = 500 Kips/ft¢, POs SS O.NieS meds. Om 


-2 ft/month. 


Geer cedndetne cOetiicLtent Of permeability. Ko= a0 
The other necessary parameters are calculated form these 


basic parameters using the following relationships: 






















‘ 4 . . a : 
tee a 
aaf i ; : wes 
ovewh yd beton need gan Lonodatenonet 60g: état 


| | . oie 
‘exq tnszesqg oft to yoetuo2s eds Aaehs OF RFE eau 4 a 
i 

vatupnstoey 6 <2teylens 220%%2 avitostts a6 nt beev sywbs> 
vigost19q' bas sidtezorqmoont aatw: S16 eto’ bet srwes2 


st (StOt ,nvetenspyomM has ef uqqon) entexd sbte ‘ynerortts 
ric nt nwode. 2t mafdowg sds: To notsstept tao SAT ete ae " 

veftmt2 & YOt notsseqieetb siwe2etqg Omg Yo ot BY ‘ae a 7 ; 
nvstenoeveM bas siaqqod ya betbute aged 26d matdotwg 70 _Sayd 7 : 
noziveqmes 1079 .bodden sonata? hb etentt edt. pataw 1G 
sis neswdad motiarst da et Svein Sens bemuess 0a Ne 
6 veitA .zfeylene taoes gang nt garerb ebte od brs 8900 - ‘a 


gas?we end ne) be2oqml sh SyWieqtd S Yo beofemartnus a 


a 


YbTD 
oe 


¥4h0 T0 
sit pas sostyie etd 28 esvuezera "S10q" reaons! on (840 : 
“< 


ae 


o1ss bemuees. sie entevh eshte! baw s10d Yeto: Yo esastretnt 


notetfeda foe oft Yo 2gfsvegorg Ieivat om git. ,2amtd, Te 
entwol fe ait saved, bas diet2n09 sienna ‘916. a : 
-ottey e'noz2tor « Sse \2qiy 008 = tae s2wtubom al 
sAteon\a4 Kies 5h Th tdwomsy vedoyriran 8 vemae 


7 a buh bial gerjaanie ss neato 
| eis cae Pepe apatites ae 


. 
=~ 6)'h a 


DD _ - 


— 
7 
San 



















i 
Ee 


y 


and 
= 1 - v ! 
Foo Tae G 


where my is the one-dimensional compressibility, Cy, is the 
coefficient of consolidation and E is Young's modulus with 
respect to total stress. For the reasons described in 
Chapter Lie’; v = 049 is used in the’ total stress analysis. 
Since side drains are assumed incompressible in the problem, 
deformation of the clay core due to two-dimensional pore 
PEESISUresdiSSipatiron occurred oniy in the vertical direction. 
Thus in this case, the degree of consolidation settlement 
should be equal to average degree of pore pressure dissipation. 
In Fig. 4.10, degrees of consolidation settlement calculated 
from the present analysis are compared with the average 

degree of pore pressure dissipation obtained from the finite 
ditherence method tor diimerent seime factors (1). No smanit ie 
cant differences in the results can.be observed. The degree 
of consolidation settlement shown in Fig. 4.10 is the ratio 

of the average surface settlement to the final settlement. 

The final settlement in this case is m)-p-H. Surface 
settlements of the portions close to the side drains are 
always more than those at the center part in the two- 
dimensional dissipation case. The results of the finite 
difference coded here is for the case of H/2w = 0.5 and i 


(impedance factor) + ~ (Koppula and Morgenstern, 1972). 
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NORMALIZED PORE PRESSURE, v/ByH 
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One dimensional dissipation 
Ao, = yAh 


Gibson’s solution (1958) for 
m@t/cy = 64 on Figure 3 


Two dimensional dissipation 
Ao, = yAh 


Two dimensional dissipation 
E shell = E core 


Two dimensional dissipation 
E shell = 5 €E core 


Two dimensional dissipation 
E shell = 10 E core 


FULL OVERBURDEN PRESSURE 


WITHOUT PORE PRESSURE 
DISSIPATION 


0.8 1,0 


Pore Pressure Profiles in Central Core 
AeaiemendnO TaCOnS bruGerOMetvoOr aUaar herent 
Degrees of Load Transfer 
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(1) Before dissipation of pore pressure Pe eee 
at time t=o | YQ Dane B 


(2) During dissipation of pore pressure (No change in total stress) 


at time t = ty 






Au 


Au From pore pressure analysis 


Au 


(3) Change in effective stress (No change in total stress) 


- WW /NGe es 
at time t= ty Ac y Au 


Aoy: =—Au 


(4) Equivalent nodal forces 


Yn 
Xn+1 
2 Re. a 
Yn = Yn 417 Aey: Es 
X =X =Ao,. x © 
n+1 mt+1 x 2 
ed 





Fig. 4.4 Scheme of Possible Treatment of Total 
Deformation In Finite Element Analysis 
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FOR EVERY TIME INTERVAL 


Ao — FEM (E,v) 
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Scheme of Analysis of Consolidation 


Movements 


(after Eisenstein, 1974) 
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FEM TIME: To 


LOAD. SELF WEIGHT 
EVERYWHERE 







YSAA, VOAA osan = Total stresses in the shell 
due to self weight 


Scan = Total stresses in the core 
due to self weight 


Yona = Deformations in the shell 
due to self weight 


VCAA = Deformations in the core 
due to self weight 


ta = Time to fill layer A 
O4 = Total major principal 
stress 
B = Pore pressure ratio 
Cy = Coefficient of consolidation 
Uy = Pore pressure at time t 
< > 
Ur <Io» bi 
t 
LAYERA A 
eu vy’ | 
FEM === NE 6 ta 
e 
SHELL: 9, 
[GAD SAA 
CORE : (Conn z tal OSAAtA = Effective stresses in the 


shell at time ta 





O'CAAtA = __ Effective stresses in the 
core at time ty 
oa! o! y S, VCAAtA eS Deformations in the shell 
SAAtA , CAAtA SAAtA, CAAtA at time ty 
YCAAtA: = Deformations in the core 
at time ta 


Fig. 4.7 Analysis Procedures for Newly Placed 
Layer 
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SHELL CORE 
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FEM TIME: + f 
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t 
LOAD: SELF WEIGHT LAYERAA 


IN LAYER B 


CAB Acsag = __ Total stress changes in the shell 
of layer A due to the weight of 
layer B 


Aocag = __ Total stress changes in the core 
of layer A due to the weight of 
layer B 


Av Sapa Incremental deformations in the 
shell of layer A due to the weight 
of layer B 


AVcaB = Incremental deformations in the 
core of layer A due to the weight 
of layer B 


tg = Time to fill layer B 


PS LAYER B B 







—-— Sl 


LAYER A “& 


FEM TIME: ¢ 


D <a SHELL: Aca 


CORE : AO ne (U.am 





Ural 


Ao’ SABtB, Noy CABtB = Effective stress 


changes in the shell or core of layer A 
between time ta and tp 








Ao. 


sABtB, 2% 


CABtB Av 


Av 





AVGABIB, “““CABIR: =.) Incremental 


deformations in the shell or core of 
layer A between time ta and tp 


SABtB CABtB 






Fig. 4.8 Analysis Procedures for Every 
Additional Layer 
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CHARTERTY 
ANALYSIS OF DEFORMATIONS IN MICA DAM 


Shh Bintroduetion 

The capability of an analytical model to incorporate 
all the factors which might influence the behaviour of. a 
nealestnucture iselimitedrasiherefiore. several enone 
are usually made. If the factors which are not considered are 
insignificant, the analytical model can predict closely the 
in-situ behaviour. Thus, the usefulness of any analytical 
procedure can only be evaluated by studying the behaviour of a 
real structure. Mica Dam, whose behaviour has been properly 
HOnhEOredtdurnnggconstructiony i1ssconsideredstosbeca valuable 


Gaseanistory and henee ittis studiedsin*the present lwork. 


5.2 General Description of the Dam 


Mica Dam is situated in a narrow gorge where the 
Columbia River leaves the Rocky Mountain Trench about 80 
Miles north of Revelstoke, British Columbia. The location 
Cie eddie iS =SiOWN Nari dso. lel ne reservoir Grea ted. by 
the dam will extend for over 130 miles in the Trench, from 
Golden to Valemont and will generate 2500 MW of electric 
power. The general arrangement of the dam is shown in Fig. 


ids. 
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Mresdamrembankment mis TNR hte! widevat! the cre's't and 
SANOO Mt wade From heel’ totoe:eyithe ‘crest! FSt2600 Ft. long 
ands has ar trad vise OniicUPveturie: tof 110% 000) funcrhe greatest 
height of the structure, from the lowest bedrock surface to 
the ‘crest eis 8000 t SaMore details ‘of ‘the damtare listed 
in Table 5.1. The geometry around the crest zone has been 
reva'sed, from the. mictial’ design during ‘construction. © In 
order to avoid possible erosion caused by waves resulting 
from a large slide or earthquake, the crest was widened from an 
Mer ralews6° fire otttihes presen avid tht 

hives dant Si seae zoned earth and) rockin 199 structure with 
asnear-verticall,y centra lumpervious core.» The core*is 
comprised of glacial till and the shells are mainly sand and 
gravel. -Qn the outer parts of the shells, compacted and 
dumped rock was used. The arrangement of the fill is 
SHO Whee (Ai Ole SSSR EA la they tad tandtisard ‘andrtgravelhet id's 
were obtained from upstream borrow areas, namely Wood River 
Burn, Encampment, Confluence, Little Chief and Dutchman's 
Creeks. The rockfill, which is mainly granitic’ gneiss, was 
obtained from quarrying operations. 

The construction started in early 1965. Twin 45 foot 
diameter diversion tunnels in the left abutment were completed 
in October 1967. The river was subsequently diverted in 
November of that year by extending 4 closure dykes across the 
river, two at each cofferdam. By May, 1968 the coefferdams 


had been completed and the riverbed dewatered. Dewatering of 
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the construction area was by tube wells which were phased 
out when the fill height was beyond any danger of overtopping. 

Prior to any excavations in the foundation area, the 
maximum depth of river overburden is 150 ft. The lowest part of 
the overburden is dense glacial till with thickness up to 60 ft. This layer 
was overlain by dense, coarse, granular materials consisting sot sand, 
gravel, cobbles, and boulders containing lenses of heavily 
ov Er=consod idatedi si lit’ andvcil ay. 1S 1 tyo fiinel tolmed tums sand 
up to 50 ft. deep existed over much of the riverbed at the 
dam site. In order to eliminate any possibility of a major 
slumping failure due to liquefaction under an earthquake 
Shock, the silty river overburden sand was excavated under 
the inner shells and the core was taken to sound rock. A 
core trench was formed and the foundation for the core was 
DiminkeGugroutedms lo. aedeptnt off 301Tt.2 dnsadditioneto af line 
of deep holes grouted along the upstream third of the core, 
two lines located 30 ft. upstream and downstream from this 
line were also grouted. 

Minor fill placement commenced in the upstream shell 
late in the 1968. Major fill placement was not started until 
April and May 1969. It occupied four construction seasons 
roughly from April to November each year, depending on 
climatic conditions, and was essentially completed by November 
1972. Embankment construction progress of each year is shown 
FP OMneaiGe bibs 4arslOgFnig. th wes diheiwvardati one offifaidt elevation 


at the dam core with time is shown in Fig. 5.8. More detailed 
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description of the general aspects of the project are given 
by Webster (1970) and Meidal and Webster (1973). 

9-3 Field Control Data of Placement 
Materials 

Very heavy compaction was specified for the core and 
shell materials in order to minimize total and therefore 
differential deformations, to provide increased strength and 
COmceGheasemune risks of Iiqueraction.. Glacial till was 
eqmpacted Sinathemmain body.of the core by 8 passes of 62.5 
POMenUD Demat iwederohlbersshavang tire pressures of 120 psi. 
For granular materials in the inner shells, outer shells and 
drawdown zone compaction with 4 passes of 10 ton smooth 
drum vibratory rollers was specified. However, only 2 
DaSisescmVerouneqinGgedaromathose within 20 ft. of the core. “In 
ZOeCm Cal TO Saciieecompaction with 8 Passes instead of 4 
passes was used for the elevation above 2000 ft. The 
specified layer thickness after compaction for each zone is 
SOW Ome et dhe 65:23. 

Following the first construction season important 
changesswere made in) the composition of the fill. In the shel! 
zones layer height was increased without significant change 
in the compacted dry density, but the reduction in water 
content lowered the bulk density somewhat. In the core zones, 
the water content was reduced by 2% and an appreciable gain 
in compacted dry density was achieved. The statistics for 


WaveGEecOnLentwanGgudensity or the 11 bhlssare listed in Table 5.2. 
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and gravel to lie outside each of the fine and coarse bits. 
the gradations of the borrow materials met the specified 

Me quiGene nts aw ithies| itt) evyor no processing. .-lhe «statistical 
gradation envelopes for till and sand and gravel used are 
SHOWN 1 thi mee wee bemaysbe motedathat sbotheaternials are 


well-graded. 


5.4 Instrumentation of the Dam 

A comprehensive system of instrumentation has been 
provided to measure horizontal and vertical movements, earth 
pressure, pore water pressure and dynamic movements in the dam. 
The general description of the instruments was given by 
Webster and Lowe (1971). The numbers of each type of 
msteument installed up to the end of construction were 
reported by Meidal and Webster (1973). 

In-this Investigation, data from several vertical and 
near-vertical movement (MV) gauges were extensively used. 
BOGAN OnSeOt SLICSemdevices sare Shown in big. 5.10. they 
GONnSistuOnmelelescouingmcasing and transverse alUminiUmediscs 
Ssetvedroundeand at invervalissalong the casing, ~All the gauges 
were anchored 3 ft. into bedrock, with the exception of MV15 
which penetrated 30 ft. into bedrock and MV7 which was 
seated in the midheight of the core. Some details of 
iSva li Ndmdacyoical MVeGaugewarergqiven in higw6Gel. or 
Appendix C. Settlements were read using a latch-cone device 


or a radiosonde, while lateral movements were measured with 






























svi 
base ont oO Sete bas Ftd end 0% #06 oniwot tix 


9 bre antt add to doss sbtaduo otfood. fave 
worried sit to 2noidebexe | a 
_ 


Y 


o br 


= = 


-2eximtl. s2th9 
battroede ont Jam atetreree 
[sottetesete oft .pnt226001g of 70 oTdaer aiiw ‘abapeektupe? 


“ens beau fovetp bas babe bas [fts 07 zsqolevas nots sbeyp 


evs 2tptvetem dtod sett beton sd Vem rT 8.2 -btay nt id 4 
i eee, 


m60_ 9fi3 ‘te nottssogm vent } ve 4 
WG3: 


asoed 26d notteinamutsent To mo t2ye ovtensda7qmo> A 
pes 


os bod ‘oruesen ot bebtvovg, 


dg 69 -einemsvom faotstyev bas [53 


b bas siuezeTq T936W g10q 91922979 


meh mt 9 at vd TNAaMsaVvOM 3/Heny 
; tea hy 


vd povie 2ew etmomuisent ent To motiqtrozsb fsrsnae edt 

nee 

-CEReL) gwod bas Lechte 
ekonn 

> to bas odd of ~ bar hedent tnamurasent 


(evel) wededeW brs i sbhott vd ‘bestoqsy = 


a os 2 


” : 
=) - 
-bszu vloviensixe, 998w 29p088 (VM) +nomavom (sot) y9y-nke a 

poe 
is, 


yonT, .O1f.2 ,Qtiot nwoda 946. ‘2aatweb iia ro proline 


202th mutaimuls enavensas bis ‘patzss gniqoszs tas to seh, wos 
eapueo aad TTA -pntes> 4a¢ onols sfevietot 76 peg 5 de 2 
ive wotdqgaxe ets Nal ioethes Sie . ste ite lee aw 
|  26W Aotdw WM ba | 420% on H 47 of bea pee 
aoc - Yo attesb ona. 7 ae 03 9 tt ee 


~ 
7 


to sqyd noses to 2voacmuA on 


grow worsoauit2eno 


hog {eotstey Texevae mon? s26b -notdepttasynt atria ‘al 






>. 
\ ee 


173 


jee VOpesuindacatora devel olpediby Sinco. Due to very small 
horizontal movements in the embankment during construction 
and the limits of instrument accuracy, the horizontal 
movement data from the MV gauges can only be interpreted in 
a qualitative manner. 

The piezometers were installed at various parts of 
the dam for monitoring the pore pressures developed during 
various stages. The number at each part varies with the 
relative importance of pore pressure in that region. From 
the distribution numbers reported (CASECO report), it may be 
noted that most attention has been concentrated on the core 
and core foundation. Three types of piezometers were used. 
These were Maihak electric piezometer, Geo-test pneumatic 
piezometer and USBR embankment type hydraulic piezometer. 
Regarding the construction pore water pressures in the core, 
Only those recorded by electric and pneumatic piezometer 
were of major concern, since only these two types of 
piezometers were equipped with high air entry porous stones. 
The porous stone used had air entry value of 20 psi anda 
measuring range of O to 30 atmospheres. Other than occasional 
damage to tubing and electrical leads caused by hauling and 
rolling equipment, these piezometers function satisfactorily. 
The performance of various instruments during construction 


were reported and discussed in CASECO reports ona yearly basis. 





















Ext i ae 
; f Re: } 

Prame Ytov oF 4u0 *.oonte Ya bsqoteveb + | eqor. 
norso2uyvianos pari Snortan Bdms off int nossen’ 
rasnostiod SAF ~yasWwdI6G Snsmuyd2nr to attmi tats. 
yIno a69 290068 VM saz” mort sisb, toss 
een em raved ngtt bup 8 
aft el 7 poy 


7 ¥ 


= ne . 


_ 
at beyanaqtetat ed ne 
vr 
To ef76q 2UOTNSY 36 bar kuaint 9196 srstomdsstq 
ntqyub besqolaveb es1sueestg St0g std patyotinem or ned BAS 
eit atiw 2otyev 3769 0965 76 yedaiwe ant Re) oh aug a a | 
Norpsy Jedt of syweestg 910g to ‘sone3 yoga owtdeted 7 
ad yem +t .(2noqes 099249) besv0gay atadmun nottudtnsetb ee ee, 


g40o edt no beterdn95009 asad 264 notjnadds t20m rom ‘bsjon a 
Saereey 7 


bozu stow eretemesatq to zeqye sawt nots sbnuo? oe ae 
ig win 


nt¢smuang t29%-080 ,Votomosotq strtaefs Asa te. e784 ett Pe 
~gjonosata oatlvusrbyd sqys Sa sndna Same wa2u bns sosonossty 


2 


mow 


~otoo edt nt 2ovve2st@ Totsw sv0q notsouvhenos ant ‘pntbs Be : a 


stismuand bas sfasoate \s bebron97 seoda” vino 

ai 

-eanote 2uovod tha vie Apid a3 beaqrups 99M anets 
6 bre teq OS %0 outew X19Ne ste bed beeu ‘onote Bee 


ianote 6520 nent yadso -aguodagonts bas of 0 ey Ma 
bn po 
ee pe mite wae soe aia ee 


rae 
sorganyh espapmassta sande anonatupe, 
pena eno qa ca 


veseeesets 
to 29qyt ow? szedt ino sonte «N79 9102) 1tee to 
















59.5 Observed Behaviour During 
Construction 


5.5.1 Effects of Upstream and Down- 
Stream Water Level 


Before the major programs of fill placing started 
in April 1969, the seepage through the foundation beneath 
the cofferdams was controlled by the tube wells. These tube 
wells were used in the upstream and downstream cofferdams 
and were sunk to earth bedrock or river overburden. Their 
locatwonstaresshowne nel igevbissn 

After the downstream cofferdam tube wells were 
abandoned at the end of April, 1969 and subsequently upstream 
cofferdam tube well operations were discontinued at the beginn- 
ing of July 1969, the foundation piezometric readings showed 
a gradual rise in piezometric levels. During the early 
stages of construction, readings from piezometers at the 
lower part of the dam were very much influenced by the 
seepage of upstream and downstream water. Toward the end 
of the 1969 season, all the piezometers installed in both the 
till and sand and gravel of the river overburden started 
reflecting the upstream and downstream free water levels. 
This situation can be illustrated with some piezometric 
observations in river overburden as shown in Fig. 5.11. 
Consequently, it might be assumed that all the shell and river 
overburden materials below the free water levels were 
saturated thereafter. As the fill placement continued in 


subsequent construction seasons all these piezometers 
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reflected elevations consistent with the upstream and down- 
stream water levels. No excess pore water pressures were 
DUA TLE Wipe 

Similar trends were also observed in piezometers in 
the bedrock. All the piezometers in the bedrock were in- 
stalled underneath the core and were equally distributed 
upstream and downstream of the center line deep grout 
curtain. The elevations in these piezometers closely 
followed the embankment elevation until mid-August 1969 and 
then stabilized at an elevation approximating the upstream 
water level. This condition is illustrated in Fag. 52128 
Evatt et al. 94197290 reporitedst hat during foundation treatment 
Waterp testing ofodriil | holes in the rock underlying the core 
indicated higher permeability in the Uppereo0 ft. "decreasing 
downward to a depth of about 250 ft. and negligible there- 
after. Prior to grouting, permeabilities ranged from greater 
than 1 x 107° cm/sec to less than 1 x 107” cm/sec.” Joint 
spacing, commonly less than 2 ft. near the surface, increases 
with depth. The prevalent joints are parallel to the 
horizontal strata but other joints dip deeply northwest or 
southeast. Since the elevations in the piezometers under 
the core followed so closely the fluctuating river water 
develic,e une erniciency 70, athe line Grouting may cause some 
concern. However, due to the small head difference between 
upstream and downstream water levels during construction, the 


efficiency of the grout curtain cannot be judged with 
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ACU y-. 

Significant stress relief must have taken place in 
the bedrock during core trench excavation. About 150' of 
river overburden material were removed from core contact 
Surface. Heaving resulting from this stress relief was 
indicated by the movements of the bottom sections of the. 
gauges, MV8 and MV15, which are embedded into the bedrock. 
From the time the initial elevations of the bottom most 
casings were established(May 1969)to June 14, 1969 when there 
was 40 to 50 ft. of fill, MV8 and MV15 had detected bedrock 
surface heaving of 0.47 and 0.21 ft. respectively. Unfort- 
uantely, no intermediate measurements were taken hence, 
attempts to establish the heaving history were unsuccessful. 
The question of whether or not there had been a higher heave 
and the later measurements were only part of the compression 
or the heave was peaking could not be answered. However, 
it seems obvious that the heaving was time dependent. 
Although this phenomenon might be attributed to the fact 
tChaterock 1s not purely elastic bur vViscoelastics the 
increasing water pressure in the foundation in early 1969, 
as described previously may also be responsible for the 


heaving behaviour. 


5.5.2 Bedrock Settlements 
Following the first measurement, readings taken from 
MV8 and MV15 showed that the bedrock surface under the core 


started to settle under the rapidly increasing fill weight. 
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By the time the fill reached its final height settlements 
of 1.0 and 0.9 ft. were measured in MV8 and MV15 respectively. 
No bedrock heaving was detected by other gauges 
Sicesno major excavations took place in any other part of 
the foundation. t)Abouti0.2 to OsSefts ofatotalabedrockasettle- 
ment was measured by these gauges during construction. 
The relationships between the fill height and 
bedrock movement measured in the gauges of concern are 
SHOWNE im metGeeCueetoeraigs CE8ehotjAppendixaGe finethescenter 
part of the dam, the bedrock surface settled at a rate of 
Ohilke) tOe lm Oeitempenel00ebtegofefillewhile underathesshells, 
it settled at a rate of 0.04 to 0.08 ft. Because MV5 was 
anchored 30 ft. into the bedrock, one dimensional compress- 
ibility of the upper bedrock can be roughly estimated as 
iibable GnileotghpbendixiGuerforrthefsake ofeelatekeanalyses, 
the profiles of bedrock movements under section 22 + 50 
at various construction stages are plotted and shown in Fig. 
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Piezometers installed in the dam but outside the 
core showed no or negligible excess pore water pressures 
dUmINOMCONStRUCUION “1 NiSecOndi tion can Deal WauStrave dawn) 
piezometeric observations in the shells as shown in Fig. 5.11. 
Within the core, excess pore water pressures were measured 
TieMmoOstacases especialy ane thesinst year (1969) T111, 


high pore water pressures were observed during construction. 
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The piezometers installed in the core were located in 10 
different sections. The location of these piezometers are 
shown in Fig. 5.14. Many are in or near sections 22 + 50 
and) 24 +) 508 

Due to the failure of some of the piezometers and low 
induced pore water pressures at high elevations, only the 
observations in five selected piezometers in the core will be 
Studied. These are PP21, PE24, PE25 and PE26. The variations 
of piezometric elevations with time of these five piezometers 
are shown in Fig. 5.15. From this figure, it may be noted 
that the measured pore pressures generally increase slightly 
or remain constant rather than decrease during the first 
construction shutdown after installation. For PP21 and PP20, 
this phenomenon might be attributed to the influence of seepage 
of river water into the lower part of the core. Immediately 
before the first construction shutdown (1969-1970), the 
observed elevations in these two piezometers reached the same 
elevations as upstream and downstream water levels. During 
the first shutdown season, the piezometric elevations remained 
at these levels to maintain the equilibrium in pore water 
pressures with the surrounding shells. For PE24, PE25 and 
PEZ6,¢theereason mighty benthatuthed times ofdanstallatdon of 
these piezometers was close to the end of the construction 
season. Before the equilibrium pore pressure could be 
established between the surrounding soil and the measuring 


systems, the construction season had stopped. Consequently, 
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the pore pressures registered by those piezometers appeared 
to be lower than what the actual values might be up to this 
period. The increase in observed piezometric elevations 
during the first shutdown season appeared to be in the process 
of reducing these differences and achieving the equilibrium 
condition. The pore pressures measured by these piezometers 
arptcerethe Tirst "construction shutdown might represent tthe 
actual pore pressures in the fill. Despite some unexpected 
behaviour as described previously, the piezometers in the 
core generally showed 15 to 20% pore pressure dissipation 
during the subsequent shutdown seasons. 

The influences of pore pressure dissipation during 
shutdown season on subsequent construction pore pressure were 
discussed by Bishop (1957). The same tendency was observed in 
Mteaedama thromephigucsel69ewhicheis thetphot ‘of pore pressure 
versus overburden pressure, it may be noted that he is 
decreasing in each successing construction season. The 
value of ry, was defined by Bishop and Morgenstern (1960) 
as the. ratio of pore pressure to overburden pressure in 
order to differentiate it from B, which can only be determined 
if the actual major principal stress is known. If the 
fill is relatively undrained during construction, the 
comparison of these two values will indicate the existence of 
"arching action” in the fill. This comparison for Mica Dam 


will be presented in later sections. 
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5.5.4 Embankment Deformations 

Maximum settlement in the embankment ranged from 
0.5 to 3.5 ft. Smaller settlements were generally measured 
by the gauges located in the sand and gravel and close to 
the abutments. Larger settlements were measured by the 
gauges installed in the core and near the center of the 
section of maximum height. For the softer core and stiffer 
shells, maximum settlements of 3.6 ft. and 2.4 ft. were 
measured by MV8 and MV10 respectively. Despite some minor 
irregularities, the measured settlement profiles displayed 
the typical quasi-parabolic shapes. The settlement data 
obtained directly from movement gauges usually include the 
influence of bedrock settlement. The settlement profile 
without this influence may be derived approximately by 
following the procedures described in Appendix D. After 
excluding the influence of bedrock settlements, the maximum 
settlement values become approximately 2.9 ft. in the core 
andva.2hute inithershe his ? 

Time dependent deformations which might not be 
neglected were measured in the core. This behaviour may be 
illustrated with settlement profiles relative to bedrock at 
the beginning and at the end of each shutdown season. The 
plots for MV8 and MV15, which are located in the center of 
Eheacorea ane shown in igus. ivmandasug. 5.18 respectively: 


The maximum settlement occurring during each shutdown season 
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Vos OUseEVeteLOmpeminetnelorderiof 0.2 to 0.3 ft. At the 
completion of the dam, a maximum settlement of about 0.6 
to 0.8 ft. might be attributed to the consolidation process. 

For use in later analyses and the subsequent 

examination concerning the Ko stress path condition, the 
approximate vertical stress and vertical strain relationships 
in the dam for sand and gravel materials have been studied. 
Vertical stresses were assumed to be equal to overburden 
pressures. The incremental strains caused by corresponding 
incremental stresses were calculated from the settlement data 
of the movement gauges according to the method described in 
section 3.2. The vertical stress-strain data thus determined 
are grouped for three zones, i.e., river overburden, zone M2 
and zone M2DI, and presented in Fig. 5.19 to Fig. 5.21. 
From these figures, it may be noted that quite a consistent 
behaviour has been measured for each zone. The data fall 
within a narrow band hence a representative stress-strain 
curve (best fit curve to the data) can be drawn for the 
material in each zone. These curves are also shown in the 
previous figures. The curves for zones M2 and M2DI show slight 
initial curvature but become approximately a straight line 
for the latter major portion. The shape of the curve for 
the river overburden material indicates a lesser incremental 


strain’as the level of stress increases. 
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5.6) Finance Elementyldealization 





Two-dimensional analysis has been found useful in 
PheesLudyeatedetOrmations inedamss his peint«has been 
diseussedein Chapter Lll.ccInethe,present,study of the 
behaviour of Mica Dam, two-dimensional analyses were 
ROGwscoumODMcicmtransverse sectionadtestation= 2c + 50.) he 
Loca clOnmOmeuneeseehloOn Ss eshown im ide 5.104 This iis the 
main instrumentation section and close to the maximum height 
Seton muLneeselectiOnsOnaLhis Sectiong1Senat only 
convenient for assuming the existence of plane strain 
conditions but also provides a direct comparison between 
the analytical results and the field measurements at 
appropriate locations. A mesh of 729 nodes and 1352 elements 
was used in the finite element idealization. 

The impontance of simulating the actual construction 
process in embankment deformation analysis has been emphasized 
by Clough and Woodward (1967). Although it is not feasible 
to simulate a continuous filling in the finite element 
analysis, it has been reported that the same 
accuracy can be obtained in the incremental 
analysis using a certain minimum number of finite layers. 
Clough and Woodward (1967) adopted 10 lifts as a standard 
for their analyses. More detailed investigations concerning 
the required number of layers in the analysis was described 
BVMKUaW Vee ued bye Gn969 me salneyeused sli2elitts in their 


subsequent analysis (Kulhawy and Duncan, 1970). 
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Due to the height of the embankment, the construction 
of Mica Dam was simulated in 15 lifts. The idealized section 
HIBSMOWNe THIF Ygs"5 +22, SAAhetotalforesevenomaterials? which 
might differ only in stress-strain behaviour or in bulk 
density; was assumed for all the matrials in the dam andthe 
river overburden. 
5.7 Analyses Based on Triaxial 

Lest®Data 

The aim of the analyses was to examine the validity 
of triaxial test results in predicting deformations using 
presently available procedures. The results might be used 


to justify the Ko stress path approach adopted in this thesis. 


5-/.1) Derivation-of the Moduli 

During the design stage of Mica Dam, different types 
OleLiidx tcleceSstsselce..stndrained, consolidated Uundrained 
and drained tests, were performed on different materials 
which were finally used in the dam fill. In order to use 
these laboratory results for analyses, selections were made 
to choose those which closely simulated density, water content, 
gradation and drainage condition which were observed in the 
field. Results of the selection are summarized in Table 5.3. 
Consolidated undrained test data was used for the first 
year core fill because it was thought that such data would be 
the most representative of the field conditions while pore 


pressure was excluded in the calculation. Undrained test 
























ES! * 
sotfoursenoa att ,daaminsdme ont to” ahptod eis bine 
notyoe2 bastisebl saT  .2ettt eh pena) 
dotdw .efervedem nsvee te Perot AF she SptT’ 
ifud nt vo AwotVehed atesdetezorse WP Yio AL 

aid bas mobosda nt eistasem sig 11s OF bomv226 26w . 

7 pre 

1 Sale oo _> 

sey! sit 


hie 7 


a 
sb 





yuttbtisv: ott entmpxe oF 26W zoeylens oi) Yo mrs ‘ott 

pate, snott smroteb pitiotbe yg oF ert ueon yest iene 
paeu'od tdptm attueay saT lassobepeng sider have vitnsesyg 
teodt 2tad? nt bstqobs Aosotgqgs vit 229932 07 4 oft gs 


i Lubok aid to Pre ae 
seqyd tnevsttib .ms0 627M to abste neteah any pots 
bantetbaw besabtloenos »bantsrbau ,,9.F vetead [stxst 
afeisatam faorstifb no bemVoT1Sqg StswW <2s299 bonis 
f ; " j 
s2u of seb16o al .17h? med sve ne nary yi Jentt 979M PEN 
obsam svew zenottoefee ,eseylsns vot 2tfues eT egoit 
a a ; 
-tustnog 1938W Xttensb badstumie yfseolo sed Lae pei tat Ks ee : 
Pres 
ont né beviszdo 97a Wott noid rbano pt et a 
By on .| Se m 
“fa, * 7 nt ae ° > 0 
bh te ee are +e Eos nee 
: bina an 10 ed % * ¥ hs a FE e mf | iby 
, pr os eed ta ee} oi ee 2 


, 

7 : - 7 F Al 
rT | : 

i " , 


8 ma} ; 


184 
results were used for the core fill in the other years since 
no consolidated undrained triaxial data were available for 
the material with the same water content. As described in 
section 5.5.3 no excess pore pressures were measured in 
the sand and gravel and in river overburden, thus drained 
test results were used for these materials. The gradation 
GurvessOtathesmaterials;testedeane showneingFig. 5°23. The 
tests were performed on 6" x 12" samples for aljethe results 
presented. The cell pressures ranged up to 350 psi, higher 
pressures were used in some cases. Details of the tests 
were described in a CASECO report. The test results were 
partly reported by Insley and Hillis (1965) and Skermer and 
Hillis (1970). Since no volume change measurements were 
made in undrained and CU tests on till samples, the volumetric 
strain versus axial strain relationships of these tests were 
approximated by the measurements from drained tests. The 
stress-strain-volume change curves of the materials considered 
DGS nme ten On ComLOmn | Gap Os 20s 

For confirmation, two analyses with two different 
methods of describing the nonlinear, stress-dependent stress- 
strain relationships of the materials were performed. No 
bedrock movements were introduced in these two analyses, thus 
the embankment settlements relative to bedrock were used for 
the comparisons with field measurements. The two analyses 


are briefly described as Tol lows: 
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(a) Analysis using hyperbolic stress-strain relation- 
ship. The analysis was conducted using the tangent Young's 
modulus and tangent Poisson's ratio to describe the nonlinear 
behaviour of the soils as suggested by Kulhawy et al. (1969). 
The variations of tangent Young's modulus and tangent 
Poisson's ratio were formulated by assuming the stress-strain 
Velationship of’ the=soils*followed a hyperbolic’ curves '*The 


resulting expressions for these two variables are as follows: 


Ries ne) | One.- 0) O 
- f 1 3 2 ee 
BE, = Or ORC Osis 20. sind ] KPa P? (5.1) 
— Gy Sere hod (o,/P.) 
to 2 
d (0, —o.) 
ii we ind) 
KP (3)? ele aaa ated ae a 5 (5in2) 
ha BS ZC COUSo. + 204 Sind ‘ 


In the above equations parameters C, 9, Kye is Res 
Gh F and d must be determined from a set of triaxial stress- 
strain-volume change curves having different confining 
pressures and be is atmospheric pressure in the Same units 
as oO and Oy: Instead of © and , parameters c' and 9' 
must be used for drained tests. Procedures for determining 
these parameters were described by Kulhawy et Oe, PCIe 
The values determined for Mica Dam materials are listed in 


Table 524. 
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For performing this analysis, a subroutine describing 
the hyperbolic stress-strain relationships of the materials 
(Appendix E) was incorporated into the main program (Appendix 
B). 

Because of the conveniences provided in separating 
the volumetric and deviatoric stress effects, bulk modulus, 
K, and shear modulus, G, were used in the actual calculations. 


They are related to the tangent Young's modulus, E and 


Eee 


Cangenterorssonesaradtio, -y according to 


t 


Since an unrealistic high calculated bulk modulus will result when 04 
and shear stress approaches zero even though the soil is not 
incompressible, all the previous relationships have been 
limited to lowest or value, about 2psi, and the highest Vy 
Orr (OURS AP e 03 less cthanecpSi or zero, a sami lar vapproacn 
to that suggested by Kulhawy et al. (1969) for the soil 
failure in tension was used. The bulk modulus was set the 
Same as its previous value, but the shear modulus was reduced 


to a low value (e.g. bulk modulus/50) rather than zero as 


suggested. 


(b) Analysis using invariant stress-strain relation- 


ship. The derivation of the moduli in this analysis consists 
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OTecOnVeRltingdg thesconventional triaxial test data to a 
TORMMINVOIVING mene stniree stress invariants, the axial strain, 
and the octahedral shear strain. Details of this procedure 
were described by Krishnayya (1973(a)). 
The following expressions were used to calculate the 


stress invariants and ae from the conventional triaxial 


vest? datas 
ee eee eo!) / 3 (5.5) 
clay IN DRG? POA veal 
SRE ore o5i) saz 
i eee ayy cue awe e,, ) (5.8) 


With the interpolation procedures, the elastic 
parameters based on these stress invariants, which were 
determined from the three known principal stresses in an 
element, were computed. For two-dimensional plane strain 
analysis, the intermediate principal stress was calculated 


from: 


(5.9) 


wherenve Waseda trial ValUGrOr POISSON S ratio. 
Theusheari modulus, G; and Poisson s ratio, ¥, were 


obtained with the following expressions: 
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The Poisson's ratio was limited to a maximum value 
of 0.49. Since G and v were determined, the bulk modulus 
was further calculated by: 


2G (1 + v 


kts" 30RWerzZy 


(Behe) 


When one of the principal stresses becomes negative 
GrensilechmieeWwdSedttiitclaliy set to zero in the calculation. 
The main program listed in Appendix B was developed 
Originally to -perftorm this analysis. 

Due to the interpolation procedure adopted in this 
approach, the triaxial test data supplied must cover the 
stress range which will exist in the dam . Since no complete 
test data were available, the lower and upper bound curves 
having on of 0 psi and 950 psi respectively were extrapolated 
using the hyperbolic relationships and the parameters 
described in a previous subsection (section (a)). All the 
stress-strain-volume change data were supplied in 


di gitdlahorm 10r tne cana lysis. 


5.7.2 Results of the Analyses and Their 
Implication 


The results from the previous two analyses showed 


similar trends in their predictions. Because insufficient 
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stress-strain curves at closely spaced values confining pressures 


the deformations from procedure (b) yielded values slightly 
larger than those from procedure (a). Despite the slight 
differences which resulted from the two different procedures 
for deriving nonlinear moduli, the results of both analyses 
indicated that the analyses based on triaxial stress data 
overestimate the measured settlements by about 2.5 to 3.5 
times. The comparisons between predicted and measured 
settlements for several movement gauges are shown in Fig. 
eC weal ee Ne wanallyCical results for horizontal 
movements are shown in Fig. 5.32. Unfortunately no reliable 
measurements can be used to verify these. 

pasecdmonmelien investigations conducted for different 
stress paths, Duncan and Chang (1972) indicated that the 
simple incremental procedures using the conventional tri- 
axial test data result in a reasonably good prediction of 
strains for unloading-reloading stress paths and for a range 
of stress paths in the primary loading range. However, 
Diespnedictions are poom for primary loading under constant 
or nearly constant stress ratio (0,/0,) and for certain 
Ouher types of stress paths... For stress paths with constant 
or nearly constant stress ratios the strains predicted using 
modulus values for primary loading are too large and those 
predicted using modulus values for unloading-reloading 


are too small. 


oa 


ner h 
ae 
eal 


zeweeonq pninitaes egulev bese etsnaia 48 el 
ulodpti2 esulev bebiety (d) orbs 201q movt ¢ er 

idptt2 afd sttqeed (8) a7ib9907q, wa a2odd, mgt” 

soiubs>o1g ineyvetttbh ows odd mort bod (ween ‘dotnw es: 

s9eyiene Atod to esfuest oft) ef iubom Ts8RntinOn patviyed not 

steb z2297te) Iotxetas no beesd seul oné ont Sans versat hab 7 

a.¢ of 2.8 tuods yd etnomeli fee bayweeam ont atemttesrsve. : 4 


wen 
: 






























f 
Jw ae 


bsvu26em bab batoatbayq nenwsed eae ti aqeo> ant 20a 7 
Lae 
.ot7 mf nwone 996 2apueg Jnsmsvom fevevee +07 ethono[sia2 — 


t 


fetnostrod vo} ztiveny Testivisas att; «Te e enn ot ae 
atdst for on \ (SOaAny aeeee SE. fee nf nwote 216 atnamovom — 7 
s25nd vititsv oF pseu 9d aay 2inonioave eee a 

ca = ont o 


tnasstthb rot betavbno9 snotisptiesent ait nO bozs8 

adi} teddy botsotbnat (S\@P) paseo bas néonud wate seande - 

-ind fenotinsyvnes add onteau 2eyebss0%- fednsmevonk* atq 
ire a : 

to nottotbeiq boop Yldsndz6o% & nf Thy2est Eten Jest: shes a 

7 : 


a) 


apne) & not br 6 end od. azarte entosofer- pnt bso imu 70} “ema 


tovewo! «.apney patbsof nant na yes af “edteq. reontt 
ihn 


Sasténgs nebay enfbsal yeni 07 soon. 815. 2nofsatbe 
a7 <se 


nistias vot bas (,p\,0) ofssn Seenta insseno> ¥ 
) TLS ie eyphe: Ciara 
tnptenos nitw ipa panei 107 


al a 


ote beyatnesa 20) 
ee rs eto 









iu - 
- Le 


190 
Ingvoew of the results of previous investigations, 


it seems obvious that deformations in an earth and rockfill 
dam during construction do not occur under conventional 

Cold sides thessepathecond1tions. ihe stress path followed is 
most likely constant or nearly constant stress ratio path, 
at least for most of the volume of a dam. Regarding the 
ratio between the width and the height of the fill during 
Construction, 1C may further be anticipated that the actual 
stress path in the major part of Mica Dam approximately follows 
that of the oedometer test (K-stress path). The degree of 
approximation will be studied in a subsequent section by 
comparing the deformations predicted based on K 7 Stress path 


and the measured deformations. 


5.8 Analyses Based on Oedometer and 
Isotropic Compression Test Data 


Ono Ale Oa a oltre S senna VS7S 


The analysis was performed to obtain the distribution 
of total stress within the dam. The influences of pore 
pressure dissipation on embankment behaviour were not 
considered in the analysis. The method of deriving nonlinear 
moduli as described in Chapter II was used. As discussed in 
that Chapter the Poisson's ratios determined may not vary 
significantly thus constant values of this parameter were used 
for each material throughout the analysis. Ihe values used 
ares bis:ced sin) a0 let smb. 

Because of the nonlinear stress-strain behaviour of 


the soil, corrections are sometimes necessary when the 
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laboratory data are used to interpret the field measurements 
and consequently to predict the field performance. The zero 
Stvesseance strain 1T0r tne sou in tie laboratory-and that” in 
the fill must bereferred to a comparable condition. The 
zero stress and strain for all the samples tested in this 
investigation were referred to the state after compaction. 
However, due to the installation procedures for each new 
casing in vertical or near vertical movement gauge as shown 
fied t Onn DDeNnGixse. theezero strain= tor’ the=soil*’an= the 
Prin’ Was reterredr toa state ot=having 02 to 15 psifPof vertical 
stress after the compaction. Although this pressure was 
small compared with maximum vertical stress that would be 
experienced in the dam, the magnitude of the strain which 
occurred under this pressure was highly dependent on the water 
eontent oft the soil’ (Gould, 1953).° From the laboratory 
results, it was noticed that the vertical strain at this 
pressure for compacted Mica Till with water content the 
Same’ as’ end. ord and) 4th" year=core fill°was*small: *The 
StYaine ronecniosesas inethe first Yyear=core #1171 could be as 
higiedset t6° 728-9 ln order to bDe= comparable. the Vaboratlory 
Stress-strain=curves usedetor the*first. year=core fTiltein the 
analyses were corrected by setting the zero strain at a stress 
feveleor4 10Mpsie = AS duscissedPinethapter J15 Mica tild 
samples prepared by kneading compaction in 7 layers with 70 
tamps of 150 psi pressure per layer more closely resemble 


thesstates orm compaction in the field. The average and 
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corrected stress-strain relationships of the till samples 
having gradation No. 1 and prepared by the previous compaction 
method were used in the analyses. These total stress-strain 
CURVGESedhe ShOWDeI Neng. 5:33. 

Since the laboratory studies on stress-strain behaviour 
of vibratory compacted sand and gravel materials were not 
included in the present investigation, the approximate vertical 
stress-strain relationships, which were described in section 
based. Have been yubihized for af analyses. In the-analyses, 
these relationships were considered as major principal stress 
and strain relationships obtained from oedometer tests. The 
curves plotted in the new coordinates are shown in Fig. 5.34. 
With this interpretation of the former stress-strain data, one 
may examine indirectly whether or not the stress path in 
shells and river overburden of Mica Dam follows approximately 
that of the oedometer tests (K,-stress Da ti) eeeeelieeci Ose 
agreement between observed and predicted deformations are 
obtained, then it may indicate the existence of close to 
Kj stress DabhecOnditCLONas oinCe anOVEXGess 7pORneawaley 
pressures were measured in sand and gravel materials, the 
SUGVEeS Mighteabesusedetom bobnetotaleandaet fective stress 
anawyseSe whoOdSSONeSubatlOSehOGethesesmaterials were 


derived using the following expressions: 
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1 - sing (Jaky, 1944) 
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where ¢ is the angle of shearing resistance and gs is the 
ederiicient@oreearth® pressaremat@rest! t > The’ values of ) 
used are those listed in Table 5.4. 

In the analyses, the change in stress-strain behaviour 
due to wetting was not introduced for the materials under 
submergence. As described in Chapter I, this mode of 
deformation was excluded in the present study. Moreoever, 
unlike the cases of reservoir filling and steady seepage, 
Only a very small portion of the dam was Submerged during 
GOnStruction« 

The influence of bedrock movement was included in 
the studies and analyses with and without bedrock movements 
were performed. The incremental movements of bedrock as 
shown in Fig. 5.13 were introduced in the analyses whenever 
they were considered. 

9.G.2 Analysis of Construction Pore 
Pressure 

Due to the thin core of Mica Dam, two dimensional 
dissipation was assumed in the analysis. Zero excess pore 
pressures were assumed at the boundaries between core and 
shells. This assumption may be justified by Fig. 5:11, which 
shows the pore pressure measurements in shells at the 
locations immediately beside the core. The analysis was 
performed with the finite element program described in 
ChapteralVowelotal stressés lobtained int previous4total®stress 


analysis were used in the present analysis. 
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The pore pressure ratios B used in the analysis are 
the values determined in oedometer partial dissipation tests 
on samples OW-3 and OD-8. These two samples have water 
contents corresponding to two different average water contents 
in four years of core fill. The samples are formed with Mica 
iuismnav NGmaradation Now ¢ (Fig. 250)... 1ne test results 
determined on samples having gradation No. 2 were used due to 
the influence of stone content. The soils having the same 
gross water content may differ in pore pressure responses due 
to the difference in stone contents. The stone content may 
effect the amount of water retained in the fines. The B values 
used in:the analysis are listed in Table 5.6. Different B 
VElUeSaWweresusedetOt cach year Sviill.tor_ difterent construction 
seasons. 

The summary of Cy values determined from oedometer 
pantwaledissipationetestsefor Mica Tillehavingehigh water 
content has been presented in Table 2.4. The average of these 
values is about 150 ft.*/month. Although it might be noted 
that Gy values did vary somewhat with the stress levels, for 
practical purposes they may be assumed constant. More 
variation might be expected if some values were determined at 
stress levels lower than those described. In the present 
analysis the average value was used for the entire stress 
range. Since no reliable values were obtained for samples 
having a lower water content, the same average value was assumed. 

For comparison, C, values derived from several other 


Vv 
tests were also reviewed. The ways of derivations are 
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described briefly as follows: 


(a) Cy determined from triaxial dissipation tests: 





ieee tai)).S OT tn 1s procedure are given by Bishop and 
nenkele(195/). During the design stage of Mica Dam, some 
triaxial dissipation tests were performed on Mica Till. The 
samples tested were compacted with the standard Proctor effort 
and had water contents of optimum and 2% dry of optimum. 
Several different confining pressures were used Jp the tests. 
The results of the tests are shown in Fig. 5.35. From this 
figure, it can be seen the average value of the coefficient 
frmecOnsoOlidadtians 1s about. 10 x ine cm*/sec (or 2s ft*/month). 
One particular feature of these tests was the occurrence of 


three dimensional strain during the dissipation stage. 


(b) Cy determined from laboratory permeability and 


oedometer compression tests. Some direct permeability tests 


were performed on Mica Till in the traaxialy cellewith ditterent 
COnmininGe pressures during design stage. The test results 
AGemsnOWnm ini oe SOemer rome thiset igure, tt can besnoted 
that the average coefficient of permeability, k, for the 
samples with 8.8% water content is about 33 x 105” cm/sec. 

From the oedometer compression tests performed in 
this study, the average constrained modulus e HOVE iGoael | 
with water content about 8.8% is about 2000 ksf. As the 
reciprocal of constrained modulus, one-dimensional compress- 
TDi te altace My > EO WabLNeasame: Malar lal. 1s ecalLoulLa Ged sas, 0.5. «x 1073 


Ksf~!, AS a, results. the Cy determined from previous k and Mm, 
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values is about 9] Faced mb iniine 


fe) CY determined form laboratory permeability and 


isotropic compression tests. In addition to the oedometer 
compression tests, ‘patie compression tests are always 
ised Tor determining the compressibility of. the soil. The 
average bulk modulus (K) determined from these tests for Mica 
Till] with water content of about 8.8% is about 1600 Ksf. As 
the reciprocal of bulk modulus, the volume compressibility 


3 sf! Using this 


for the same material is 0.625 x 10° 
compressibility value and the value of coefficient of per- 
meability described in previous sub-section (b), the C., value 
Spec dal Cull Led was 1/3 ft.°/month. 

For easier comparison, the Cy values determined from 
Various methodssdescribed in this section are listed in Table 
ot ear Oech seatbelt may bernoted that. due to the 
Git erence ime strain, conditions, of the tests, the value derived 
from triaxial tests is generally lower than that from the 
oedometer tests.. AS discussed previously, the strain 
condition in the core of Mica Dam might be approximated with 


no-lateral-strain condition, thus the value determined from 


oedometer tests was used. 


Dio toe eo Gl Velss ute SS nmol Vos 
The influence of pore pressure dissipation on the 
deformations of Mica Dam during construction has been studied 


with the effective stress analysis. Details of the analysis 
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procedures have been described in Chapter IV. Total stress 
and pore pressure results obtained from the analyses 
Cecussedminesetri0ns 5nG,1 and 528.2 respectively were 
UCT hi ZedGanethistanalysist 

Ine Variation of core fill elevation with time used in 
CHE analysis tO approximate the actual construction history 
CmeeneeddaimeC neni smSnOwmei Nt htGasoucle = FOr Clarity, the lift 
number assigned to the simulated construction sequence of the 
daitietsedusOmeshownae Im litt, Nowe5, although «there are no 
change in core fill elevation but there is some additional 
fpr instnesshel ls. 

The effective stress-strain curves used for the core 
materials in the analysis are shown in Fig. 5.38. Two 
different curves were used for the core fill which had two 
different average water contents. For the reason mentioned 
in section 5.8.1, the curves used are the average stress- 
strain relationships determined in oedometer tests for the 
till samples having gradation No. 1 and prepared by kneading 
Conpactronain/ layersuwiun 7/0 8tamps of l50 psi pressure sper 
layer. The stress-strain relationships employed for the sand 
and gravel materials in the analysis were the same as those 
used in total stress analyses. These stress-strain curves 
dreashown in mig. 5.34, Constantevalues of #PoTSSOn seratio 
were used. The value for each material is listed in Table 5.5. 
The determination of the values used for core materials has 


Decimc HSCUSSCOMIN@SeC LTO cm! 2..8rOr Sand and gravel materia ls 
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the same values as those employed in the total stress analysis 


were used. 


5.9 Results of Analyses Based on 
Qedometer and Isotropic 
Compression Test Data 


5.9.1 Embankment Deformations 

esrestits ot sca lculatedesettlements from effective 
stress and total stress analysis together with the observed 
values at the end of the construction in several movement 
(ou ccma wee onGW hal ied meow Ie LOSE o.4: ll. oFrom the results, 
Tealay Pemnoted that Lhesetfreative Stress analysis including 
the realistic boundary conditions has improved the prediction 
of settlement in the core. The differences between total 
stress and effective stress analysis results for Mica Dam 
are about 15 to 20% of settlements observed at the end of 
CONS ERUGtIONE Ines Gaimsin caccuracy is usually pronounced 
for the case where the percentage of deformations due to pore 
pressure dissipation is high. For the case where defor- 
mations due to pore pressure dissipation are less significant, 
total stress analysis which employs the stress-strain relation- 
ship following the stress path condition anticipated in the 
field may also predict the settlements during construction 
within the accuracy generally required in practice. In Fig. 5.39, as 
might be noted, the calculated settlements for MV9 are 
slightly higher than the observed values. This movement gauge 
is located in the core but close to the core and shell interface 


where high shear stress are usually developed. The lower 
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observed Values seem to-.indicate that the presence of less flexible 
casing of the gauge has reduced the magnitude of shear 
deformations in the surrounding soil. As May be expected 
ULegemdinCenOmolGiiwiitGamit Utjhterances petween the results of 
total stress and effective stress analyses in the shells. 

The calculated settlements are in reasonably good agreement 
with the observed values. The deviation of calculated 
Settlements from observed values in MV5 as Shown in Fig: 5.41 
is; in fact, due to the differences in geometry between the plane 
of analysis and the plane where MV5 is located. 

Although no reliable horizontal movement measurements 
can be used to verify the calculated values in Mica Dam, 
it is interesting to note that calculated horizontal movements 
shown in Fig. 5.42 are of thesame order of magnitude as those 
measured in Oroville dam (Kulhawy et. al., 1972). The 
maximum downstream movement in the center of the downstream 
shell of Oroville dam was about 0.6 ft. while that calculated 
for Mica Dam was about 0.5 ft. The height, the location of 
thems lOuImgscore aid the Cont igureatiron of the dam are quire 
similar for both dams. Moreover, maximum settlements in the 
core and the shells of these two dams were about the same 
although somewhat less in Mica Dam. Thus, it was considered 
that the calculated horizontal movements might not be too 


far from what might be observed. 
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Seose = inee ling ences soOrabedrock 
Movements 


DOMeUresults Of Major principal stresses calculated 
from the total stress analysis with and without introducing 
bedrock movements are presented lige ome a Ths G20 65 14%, 
From the results, it may be noted that there is a trend 
toward reduction of major principal stresses within the core 
due to the additional differential settlements caused by 
introducing bedrock movements. These additional differential 
settlements increase the load transfer effects between core 
and shells. However, for Mica Dam, the differences in the 
results of the two analyses were not of practical significance. 

As would be anticipated, the embankment settlements 
calculated from analyses with and without introducing bedrock 
settlements are not the same. From the illustrations shown 
ims eeindyebe noted) that the differences are more 
for the lower portion of the dam. This situation happened 
simply due to the incremental construction of the dam. The 
settlements calculated from analysis with bedrock settlements 
are usually more than those calculated without bedrock 
settlements. Without making approximate adjustments as 
described in Appendix D, the observed settlement data generally 
include the influence of bedrock settlements. Hence, the 
proper comparison between observed data and analytical results 
can only be made if the bedrock settlements are also considered 


in the analysis. 
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Due to the increased concern for horizontal movements 
resulting from foundation settlements (Lee and Shen, 1969) 
the results of horizontal movements calculated from the 
analyses with or without introducing bedrock settlements are 
examined and presented in Fig. 5.46. A different movement 
mechanism was observed as compared to that in homogeneous 
dams. Rutledge and Gould (1973) summarized the observations 
of horizontal movements of concrete-pipe conduits near the 
base of selected earth dams. Their results indicated that 
further foundation settlement included the outward movements 
in the dams. When the bedrock settlements were introduced 
into the analysis of Mica Dam, the results showed reductions 
in outward movements. These results appear to indicate that 
in earth and rockfill dam with a soft sloping core, the bowl 
shaped settlement profile of the bedrock tends to cause the 


shell materials to move inward. 


5.9.3 Load Transfer _in the Dam 

Due to the stresses being less sensitive to errors 
in stress-strain data, the computed stresses are generally 
believed to represent the field stresses under the same 
boundary conditions if the movements agree. As was described 
in the discussion of analysiS results (section 5.9.1), reasonably 
good agreements between observed and calculated settlements 
were obtained. Thus, it might be interesting to examine the 
degree of load transfer, which might exist in Mica Dam as the 


result of differences in compressibility of the materials, 


from the calculated stresses in the same analysis. 
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To illustrate the load transfer mechanism, 
overburden stresses and calculated total major principal 
stresses On a horizontal plane in the dam are presented in 
BUGssoe43eeeAsSemay,be seen; .majorn.principal,stresses higher 
and lower than overburden stresses were calculated for the 
shells close to the core and the core respectively. From Fig. 
5.44 which shows the variations of total major principal stresses 
at the center of the core with height, it may be noted that 
stresses as low as 50% of overburden stresses were computed for 
the lower part of the core. The results presented so far 
were obtained from 2D plane strain analysis. In this analysis, 
the effects of cross-valley load transfer are usually not 
considered. The values thus determined may be regarded as the 
upper bound of actual stresses under 3D condition. 

To indicate the magnitude of the possible reduction 
of 7 due to load transfer in the cross valley direction and 
to study the possibility of a core endangered by hydraulic 
fracture, results from 3D (Simmons, 1974) and 2D analyses 
are presented in Fig. 5.47. In the same figure, the hydro- 
static pressures which may exist in the dam during the maximum 
height of the reservoir are also shown. From this figure, 
it may be noted that if the hydraulic fracture mechanism 
postulated by Kjaernsli and Torblaa (1968) and shown in 
Fig. 5.48 is adopted, the stresses in the core below elevation 
1950' are in a marginal state. Hydraulic fracture may in fact 


start to occur when water pressure exceeds the minor principal 
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Stress. =0n@seriteria torehydrautlic fracture based on 04 
also be used. This criteria is more conservative and it may 

be more suitably used for the design. Here the major principal 
stresses are examined simply to emphasize the low stress 
condition which existed in the dam. Low minor principal 
SUReEsSsSeSedresSimpuy related to=low*major principal stresses. 
However, due to the excellent self-healing property of the 

till and wide filter zone on the downstream Scenes Mica 

Dam, even though the water pressure during maximum reservoir 


may reach the same magnitude as o, or 03 in the lower parts of 


] 
the core, the fracture or piping is unlikely to happen. 


Excessive leakage may not be detected. 


5.9.4 Construction Pore Pressures 

From the comparisons between observed and calculated 
DOGEMURESSUreSmaSmSNOWN MIN RIG. .5.49 and Fig. 5.50, it may 
be noted that the agreement is generally good except for 
PP21 and PP20 which are about 200 ft. from the plane of 
analysis. The calculated values, which are presented for 
comparison, are the results for the projected position of 
piezometer PP21 on the plane of analysis. Some differences 
in pore pressures surely could be expected due to different 
drainage paths resulting from different geometry even if no 
other factors were involved. However, the main factor for the 
higher observed values was considered as the result of wetting 
of lower parts of the core affected by upstream and downstream 


water. 
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In Mica Dam, the shells are free draining. Theoret- 
ically, for the piezometers located at the same elevation 
within the core, the one closer to the boundary should have 
the shorter drainage path and hence the lower excess pore 
Pressune. wes point 1S demonstrated in Fig. 5.49 by the 
analytical results for PEZ25 and PE26 which are located close 
to the boundary and near the center respectively. However, 
as it may be noted in the same figure the observed data show 
the opposite trend. The reason for the lower values measured 
in PE26 may be speculated as being the result of the casing 
of the movement gauge located near PE26 served as a drainage 
Dalen. 

Dima pico e beval ves usedh in tneranalysis are 
compared with observed ue values. The differences between 
these two values are clearly shown. As discussed in a previous 
SCObIOnS ms TOnmhicdntel oad stranster exists in Mica Dam, hence 


these differences can be expected. 
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TABLE Soe 
STATISTICS FOR WATER CONTENT AND DENSITY IN MICA DAM 


Year Zone Dry Water Bulk 
Density Content Density 
(pcf ) (%) (pcf) 
1969 M1 es Bhar] 143.0 
M2 146.1 7.6 hos. 0 
M2D1 144.4 1a 6 166.0 
1970 M1 Ato 6.3 150.4 
M2 146.6 Bra 1527.0 
M2DI a 5a 6 4.7 Vey 
197.1 M1 14325 Graz T5120 
M2 146.5 52.0 hse oe 
M2DI 145.6 a7 122.0 
Ta7-2 Not available 


1972 materials assumed to be comparable with 1971 
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Fig. 5.2 General Arrangement of Mica Dam 
(after Meidal and Webster, 1973) 
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7 BLANKET GROUTING 


MAIN SECTION 


DESCRIPTION 


Core, glacial till in 25 cm (10) layers 


Main shell, sand and gravel in 30 cm (12") layers, 
changed during construction to 45 cm (18"’) layers 


Inner zone of poorer M2 materials 


Core support zone, sand and gravel or rock in 15 cm (6”) 
layers 


Outer shell, sand and gravel or rock in 60 cm (24") 
layers 


Gravel, cobbles and boulders or rock in 60 cm (24”) 
layers 


Original River Overburden 





Fig. 5.3 Fill Arrangement in Mica Dam 
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CHAPTER VI 


CONCLUSIONS AND RECOMMENDATIONS 
FOR FURTHER RESEARCH 


6Picr Conclusions 

[he finite element method is a powerful tool for 
deformation and stress analysis of earth and rockfill dams. 
However, the method itself cannot guarantee the accuracy 
of the prediction. Stress-strain relationships used to 
describe the soil behaviour are the key element in the entire 
analysis. The proper simulation of nonhomogeneity, geometry, 
construction sequence and the boundary conditions of the 
dam arealso of major significance. 

The overall deformation pattern in a dam is three- 
dimensional. Although a three-dimensional analysis to study 
the deformations in the dam is feasible, the high man-time 
and computer-time required mitigate against the extensive 
use of the analysis. Two-dimensional plane strain analyses 
have been used in the present study since the main purpose 
of the study was to investigate the important factors 
influencing the accuracy of analysis of deformation. The 
results of plane strain analysis can describe the actual 
deformation behaviour in maximum transverse sections very 
closely even if the dam is situated in a very steep-walled 


V-shaped valley. Information of considerable importance 
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can be obtained from this simpler analysis as the maximum 
Settlements and outward displacements of the dam usually 
take place in this section. 

For clarity, the main conclusions which are related 
to the deformation analysis of earth and rockfill dams are 


described in the following sections. 


6.1.1 Stress-strain Behaviour of 


Compacted Soil 


From the compression tests performed on Mica Till, 
it has been shown that stress-strain welat1 ons lps motea 
compacted soil are influenced by various factors, namely 
water content, density (related to compaction method), 
gradation and maximum grain size. Under the same applied 
stress, a smaller strain was generally measured on the 
specimen with a lower water content, higher dry density, 
and better gradation. For the range of maximum grain size 
tested in the laboratory, it appears the specimen with the 
larger maximum grain size has the higher compressibility. 

Grain size analyses performed before the test and 
GULeuethestestacan be usdtustactoniuliyeused sto. study eine degree 
of grain breakage of the soil tested under high pressures. 
The results for Mica Till have indicated that unusually high 
pressures cause little grain breakage on the well graded 
Soil COMpOSed sO hehard minerals. ehhus.t Of ath is sty oe lon 
material, crushing strain would constitute a negligible 


portion of the total strain occurring under the high pressure 






















£85 ad ; rc ‘ee Ss 

| . yd 

mumixem oft e6 eteylens velqmfe ate mon? ‘boutacdo s 

ylfsuzd mab oft Fo otnamesatqetb brswsv0. bas asus 

| mot sane ¢ att at sosta 9 

bejsfey a16 Aotdw enotevfanes nftem off ails 404 wv m4 - 
ets 2msb AEETII04 biié i319 to stay tens nottemiotab odd 

.2nottaae pntwol fot ant i vest naesh a if 

rte 


tne) - 





~FfiT 6orM m0 benvotveq efeod anotezargmos wia wnat. i 
6 to eqrdanots Rien eisii2-2ae%de $end nwod2) need 2an the 
ulomen .210hse® ewotrev Yd baonsul tht: sbn ree: betosgmd> 


i. 
. (Chodd am worpoteqmen ot badston) themed: cing3n03 1095 - i 
_ ag 


oe 


bat{qqs etse dit rebnl veste phere mumtx em “bes notdebere ae 
adj no borvessm yl larenae 2sw nhets2 oli sm2 6 ‘aia | 
ghensb yb vamp FA tasted WI 5W NoWOoT | ®) ddiw vemioege i 


7, 
a 6 
7 
arte ntero mumtxem To sprey ony 904 woltsbsie vat38d no ; i 
oit dtiw famtosge ony z2vaoqas $+ .ysod sv0det-odt: nih) be 203 é 
sti rdteeetqmoa venga 965 ean sxte2 ateyp’ mumt 30° 
bné seot add onoted bemroted ‘Soeur ene ‘os te: mi 6x: jai sp 
: 7 
aareob -att ybwsa. eb be2u \tros ante ttse od: nga cred me 


cehamiehoela-£0 Ransek ou) itoz Peele ‘hy 


uy sae ae 







264 


investigated. 


Oeil eec. seorne Pressure Response and 
Drainage Characteristicsof 
Compacted Soil 


Pore pressure response of compacted soil is mainly 
influenced by water content and the coarse Darticles fraction. 
In the oedometer tests performed on Mica Till, it was found 
that the specimen with higher water content and higher coarse 
particle fraction usually had higher pore pressure ratio, 

B. 

POrGapLessuGre dissipation tests can be used to 
deveniiiiemse tistactOmmymtnercoerticient, of consolidation, 
Cy» of compacted soil with water content about optimum. 

From the oedometer partial dissipation tests performed on 
Mica Till, it appears that the coarse particle fraction has 
some effects on the Cy values. Higher CY values appear to be 
related to higher coarse particle fraction. 
Gul tsoiiheySanulatrvontoinkietd 

Material 

It has been indicated that the stress-strain behaviour 
of compacted soil is influenced by various factors. In order 
to have a proper prediction of field deformations, test 
Specimens, which are used to obtain stress-strain behaviour 
of soils, should be prepared using a composition similar to 
that of the soil in the field. The actual field water content 
and density, which are the most important compositional 


factors effecting stress-strain behaviour of soil, are usually 
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less predictable during the design stage. The test 
embankment, which is usually made before the construction 
of the main dam, should be regarded as an important item 
from which expected water content and density in the main 
dam may be obtained. For simulating field compaction with a 
rubber-tired roller, it has been noted that kneading 
compaction is more appropriate and versatile than other 


compaction methods. 


Dal oemether cons taderation of stress 
Path Dependency 


The importance of considering stress path dependency of 
stress-strain behaviour of soil in deformation analyses, has 
been illustrated. During its primary loading, a major part 
of an earth dam follows a stress path closer to a constant 
03/5, stress ratio rather than a conventional triaxial path 
with 03 constant and increasing deviatoric stress. Studies 
of construction behaviour of Mica Dam has revealed less 
suitabil ityloft convents onal’ traaxial. tests for predicting 
movements in earth dam. Elastic moduli derived from these 
tests overestimate the observed settlements. In the case 
of Mica Dam, it has been shown that the stress path followed 
in the oedometer tests gives reasonably good predictions. 
Glo SAMS Oct OY 60) pd) SO} ledideval 

Deformation 
Due to the compaction procedure, compacted material 


in an earth dam is generally anisotropic. The type of 
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anisotropy whicheisemost likelylto occtir’in.a dam-is*cross- 
anisotropy. Five elastic parameters are required to 
describe this type of material. By studying individual 
effects from three parameters, Eu: Yun and Gy (section 
3.8.4), which are usually not determined on material regarded 
as isotropic, it is found that the parameter Ey has the most 
Significant effect on the behaviour of a typical embankment. 
Lh Ey is less than the value required for isotropic conditions 


CHREtHIES -S Ey)» the results calculated from isotropic 


V 
theory will underestimate the actual maximum settlement. 
However, for more representative anisotropic properties of 


soil (refer to limited published data), which Ey and vy both 


HH 
deviate from isotropic values, the results calculated 
with and without considering anisotropy are not greatly 
different. The difference is about 10% in maximum settlement. 
For compacted soil with the properties of E/E, < 1 and 


Vu yy > 1, the results calculated from isotropy theory 


underestimate the actual settlements. 


6.1.6 Load Transfer in the Zoned Dam 

Deformation in the narrow core of an earth and rock- 
fill dam during construction are not only functions of 
the weight and the stiffness of the core material but are 
also influenced by the relative stiffnesses between materials 
in the core and the shells. Load transfer, which occurs as 


the result of differences in stiffnesses, hinder the independent 
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SCL CMenice Or reneuCcOY els S 1a mosit Sidtuations, the core is 
softer than the shells and hence load is transferred from 
Core tomsnelils.s) As a consequence of this type of load 
transfer, settlements in the core are always less than those 
in a homogeneous dam built with core material. 

Load transfer can exert a significant influence on 
Ene spores pressure’ set up ini the core during construction. 
For the case where the core is softer than the shells, pore 
pressures calculated without considering load transfer will 
overestimate the actual values. The use of the assumption 
of vertical stresses equal to overburden pressures in pore 
pressure analyses, is unsuitable for a central core in zoned 
dam. 

With regard to the low stresses which can result in 
the core and hence create chances for hydraulic fracture, the 
existence of significant load transfer may be unfavourable. 
In order to reduce both the total settlement and the 
occurrence of load transfer, ideally, the dam should be built 
with core and shell materials having similar compressibilites. 
However, if the prevention of liquefaction due to earthquake 
is considered to be the more important aspect in the design, 
the shell materials are usually heavily compacted and are 
therefore relatively incompressible. In this case the 
CLLenptetomhavebascoregashsitiutitras the Shell is dittacult to 
achieve. The prevention of hydraulic fracture should then 
depend on the self-healing property of the core and a good 


filter downstream of the core. 
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6.127 Pore Pressure Dissipation and 
Deformation During Construction 


In the central core of the dam, pore pressures are 
generated and partially dissipated as the dam is being 
built. Dissipation of pore pressure is especially noticeable 
during winter shutdowns. When pore pressures are generated, 
deformations occur more or less under undrained conditions. 
Additional deformations follow while some pore pressures 
are dissipated. Thus, deformations in the core during 
construction are not totally under undrained or aracnen 
conditions. In order to calculate deformations of this 
type, effective stress analysis has been suggested. 

Er fective stress analysis performed in the study of con- 
struction behaviour of Mica dam has reasonably determined 
the additional settlements which cannot be obtained from a 
total stress analysis. 

The present study has a two-fold effect. Firstly, a 
comprehensive method for analyzing deformations of earth dams 
has been developed. Then, important features of the mechanics 
of behaviour of zoned earth and rockfill dams during construct- 
ion were discussed and explained. The understanding of these 
features make it possible to examine critically results of 
NO GON yYmtiLS DULLOT cany SiMiarednalysiss ine tnhestucures 
6.2 Recommendations for Further 

Research 

Based on the work presented here, the following 

further research related to the deformation of earth dams 


is recommended: 
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(1) The analysis of deformations of earth dams 
presented here is limited to the period of construction of 
dam. It is equally important to study the deformation of 
earth dams under other critical conditions, such as rapid 
drawdown, earthquake loading, first filling of reservoir and 
steady seepage. 

(2) “An “elastic stress-strain model can satisfactorily 
simulate many aspects of soil behaviour up to failure and 
has been successful in many published applications. This 
model, however, cannot describe properly certain character- 
istics of soil behaviour such as volume change due to shear 
(including dilatancy) and plastic deformations. It is 
desirable to develop a stress-strain model which can incorpor- 
ate these facets of soil behaviour and be affectively used in 
the deformation analysis of real soil structures. 

(Q)ee it iseanmincreasing practice to build an earth 
dam curving upstream. The relation between curvature and 
deformations of earth and rockfill has not been thoroughly 
studied. Research on the actual beneficial effects of 
curvature to increase axial compression and thus prevent 
tension crack formation in the core during impounding will 
be of great practical value. 

(4) Stress-strain behaviour of soils subjected to 
stress paths other than those followed in an oedometer and 
“conventional triaxial tests needs additional study. It is 


highly desirable to develop means for representing these 
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Stress-strain behaviour with data from more conveniently 
performed triaxial and oedometer tests. 

(5) Reliable field observations on stresses, pore 
pressures and deformations are of great value in verifying 
the analytical and testing procedures developed for the 
deformation analysis of earth dams. The rate of previous 
Success in measuring total stresses is low. Improved methods 
for installing pressure cells and to obtain reliable total 
stress measurements are desirable. Reliable total stress 
measurements are of value in verifying the existence of low 
vertical stresses in the core due to load transfer and to 


evaluate the actual stress paths in the dam. 
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APPENDIX A 
LABORATORY TEST RESULTS 
3 a This append i» presents. the results Of the tests 
Wexcribed itt Chapter if. Fhe results of oedoweter co 
- jon partial dissipation tegts @ve gien in Fiyor. A. to A.t6 
| Figs. A.17 to A.1S are oedometer compression drained: te 
; resiiits. he subsequent figures are the resu.ts a? soty 
| compression partia! dissipatiwon tects Desidnat i is et 
= for each samile fhiere has been Jisted in Tadie ¢.| For each 
partial dissipation tes performed the pore wats ress 
_ at the hase, the total) Stress and the effei tive sire: 
strain of thg sempre are ghia sueea: 
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APPENDIX A 
LABORATORY TEST RESULTS 


ihtswappendix presents the results of gthe tests 

described in Chapter II. The results of oedometer compress- 
TOM Pay eiwals dissipation tests oremgien in Figs. A.1 to A.16: 
Figs. A.17 to A.19 are oedometer compression drained test 
results. The subsequent figures are the results of isotropic 
compresision partia! dissipatiom tests. DeSignation used 

for each sample here has been listed in Table 2.1. For each 
partial dissipation test performed the pore water pressure 
Gimcnesbase ss tnestotal) stwess and the effective stress versus 


strain of the sample are presented. 
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APPENDIX B 


FINITE ELEMENT COMPUTER PROGRAM FOR TOTAL 
OR EFFECTIVE STRESS ANALYSIS 


Bel Descrmeion or the Program 


The program presented in this appendix is used for 
two dimensional finite element analysis. The analysis can 
be performed in terms of either total or effective stresses. 
The present program was modified from program FENA2D coded 
by Krishnayya (1973(a)). The facilities added have been 
descr 1 pegminmonavtenelilan fortran 1¥ language was used in 
programming. The machine adopted was IBM 360/67 computer 
with a MTS operating system. 

The program in the present form can handle a problem 
hessut \d (Oe CUchiamGOat em 1 ONTowding <S Tze. 

Number of elements = 1400 

Number of read elements = 600 

Number of nodes = 750 

Number of read nodes = 500 

Number of boundary nodes = 60 

Number of materials = 8 


Number of cell pressures at which triaxial data 
1S) SuUppd Teda— a0 


Numbereot axial Straim DOINts at which triaxial data 
1S supplia ed) =s20 


Number of core elements = 600 
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If the size of a problem exceeds the previous limits 
the dimensions have to be increased accordingly. On the 
other hand if the CPU - virtual Memory Integral charges are 
to be reduced for sma I] size problem , the dimensions can 
be decreased. 

Thesprogram consists Of a Main and four subroutines 
Ca edmanG hemi bo LO. htAPES sand DITEST 2 sihe; function of the 
main program and each subroutine is briefly described as 


f Ol LOWS : 


MAIN PROGRAM: Most of the operations are performed 
in this program. It calls other subroutines necessary for the 
analysis. In the program the element stiffness is formed for 
all the elements, the equilibrium equations are set up and 


solved by Gauss-Seidel iterative procedure. 


Subroutine FACTOR: This subroutine generates the 
overburden factors (described in B.2) necessary for elements 


in nonlinear analysis. 


Subroutine TESTD: This subroutine reads the triaxial 


tect data andy CONN CiUISNE CinimiiOest hes Stress seunvardanted orm. 


Subroutine RTAPES:: This. subroutine reads in. the, pore 
Pressurcmandatovales Eresemda lan’ GOMeLiGu da Des; ml beetcec a lsved 


if errective stress anal ysvse 
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the stress-strain relationships of the materials in functional 
LOCMS setineraoineSleorm TESTDuwill be called in any 


nonlinear analysis. 


B.2 Input Data Procedure 


(1) Analysis Control Card (1 Card)(I5) 

1-5 NREADD (Equal to zero for total stress 
analysis; equal to one for effective 
stnessfanalyvsist. ParNREADD ¢= tis; 
intoOnmaciong@alonetherstollowing (2), 
(s)Eee (ae Gols 6) and ate) are read 
in from the tape assigned to I/0 
Urn it a!) 

(2) Problem Control Cards (2 cards) 


DE INR BADD =11> Jthetednds afiome(2?)othrough 1(6) are 
omitted. 


(a) |) Sard "1 ((18A4) 

li ee teUmaniibercaGd 0 program identirica tion ) 
(CD )eCarnd= 2.11015) 

1-5 NUMEL (Number of elements in the problem) 

6-10 NUREL (Number of read elements) 

11-15 NUMNP (Number of nodal points in the problem) 

16-20 NURNP (Number of read nodal points) 

21-25 NUMBC (Number of boundary points at which 

displacements are prescribed in the 


problem) 


26-30 NUMAT (Number of material types in the 
problem) 


31-35) NANGYS@(equalm@to. zero for linear analysis; 
equal to one for non-linear analysis) 
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(VAST) PR bvpoe? ie)? 98 eT eee 


(nortsottrinsbt merp0%4 40? bv62 9TStT) GOGH StHE bi / é ae 
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36-40 IANLYS (Equal to zero for plane strains 
analysis; equal to one for plane 
stress analysis. Zero is assigned 
if NREADD equal to one) 


41-45 IGEN (Equal to zero for non-uniform 
pattern of generation of element; 
equal to one for uniform patterns 
of generation of elements. Refer 
COMO etoOrecdeteat s) 


46-50 NIAPE (If NTAPE = 1, element data, nodal 
data, boundary nodal displacements, 
material types and overburden factors 
are to be written on the tape assigned 
Cou /0e Unite. 6 Seo ciss yassigned if 
NREADD equal to one) 


(3)) “Element sCands (Cards = NURER) (415) 


1-5 NUMER ( ) (Element number for read elements 
only) 


6-10 NPIR ( ) (Nodal number for node i of a read 
element ) 


11-15 NPJR ( ) (Nodal number for node j of a read 
element) 


16-20 NPKR ( ) (Nodal number for node K of a read 
element ) 


Example for uniform element pattern generation: 


ade 


To generate the above mesh pattern it is necessary to supply 
the information regarding the first (e.g. element 1) and the 
last (e.g. element 8) elements in a yow. The nodes i, j and 
k for these elements are to be given in the anticlockwise 


direction as listed below: 
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Element Number Node ij Node j Node k 
] Fi 6 ] 
8 10 4 5 


NUMEL is 8 and NUREL is 2 for this example. 


Example for non-uniform element pattern generation: 


1 12 13 14 15 


Pay S ben Ow 





! Z 3 4 is) 
To generate the above mesh pattern it is necessary 


to supply information regarding the first three elements and 
the last element_in the first row and the first and last 
elements in the second row. This is due to the difference 
between the orientation of the element 1 and the element 9. 


For the generation, the following cards should be supplied: 


Element Number Node i Node j Node k 
1 6 1 Z 
2 6 2 7 
3 8 7 z 
8 10 4 5 
9 12 iil 6 


16 14 10 15 
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(4) Nodal point cards 


1-5 NPNUR 
6= Hee KR OR 
16-25 7 ORDR 
B02 35 SAL DR 
S6= 45 7 EDR 
46-57 DSXR 


28 OURUO YR 


( 


( 


) 
) 


Ms 


) 


SG 


eCamd's PSENURINP 1 GR5 PC4RTOTOR*2F W2 Ne) 
(Nodal number of the read nodes only) 
(X-coordinate of read nodes only) 
(Y-coordinate of read nodes only) 
(X-load at read nodes only) 
(Y-load at read nodes only) 


(Displacement in X-direction given as 
input only for read nodes) 


(Displacement in Y-direction given as 
mpuc only Tor read nodes) 


When the intermediate nodes between the two extreme nodes are 


equally spaced in one coordinate direction with the distance 


in other coordinate direction being the same, the intermediate 


nodes are generated with equal distances between them, each 


distance being equal 


to the total distance between the extreme 


nodes read divided by the difference between the nodal numbers. 


The intermediate nodes are assigned to the proper nodal 


numbers. The other quantities like displacements, loads, etc. 


for the intermediate nodes will be the same as those read for 


the extreme nodes. 


(5) Boundary Point Displacement Cards (Cards = NUMBC) 


6-10 NFIX ( 


TPE VSS ashi ene Al 


) 


(2 Seth Gis) 


(Nodal number at which the type of 
boundary displacement is specified) 


(Code to indicate the type of boundary 
displacement conditions prescribed) 


(Slope of the boundary along which a 
boundary point moves) 
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The codes used to define the node of displacement at a given 


boundary point are listed as follows: 


X-direction Y- direction Slope NF IX { SLOPE! 


Boundary 
Zero or pre- Zero or pre- 0 0 
scribed dis- scribed dis- 
placement placement 


Fero<-or -pre- 
scribed dis- la 0 
placement 


Zero or pre- 
scribed dis- 





placement 2 0 
bree 00 
move along 
a sloping 2 tan 6 
boundary 
; yi 
Sloping boundary is as shown: f 
x 
(6) Material Type Generation Cards Sloping boundary 


(Cas weet aides eel ay, 


1-5 MATN (Number of elements to which material number 
other than.h-is to be assigned... If there is 
only one material a blank card is required 
and the cards for following (b) and (c) are 
omitted) 


(hi Gardesc  Gaeoy 
T=5 9M (The first element number of a set of elements 
to wnich the same material number to be 


assigned ) 


6-10 MAT(M) (assigned material number) 


vie 


nevip 6 36 tnomazefqeib to sbon ont sotisb oy beew 
:2ewollot 26 beter S16 tntoq web 
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(ey ‘cara 8 (215) 


1-5 M (The last element number of a set of elements 
to which the same material number to be 
assigned) 


6-10 MAT(M) (Assigned material number. It should be 
thessame number as in (b) card) 


Procedures (b) and (c) are to be repeated for each set of 


elements. The sum of elements in all sets should equal to 


MATN. 


(7) 


(8 ) 


Material Properties Cards (Cards = NUMAT) (5F10.0) 
Va O0e,ROREADS "7 3) (Density of the material) 


11-20_EBREADay< ) (Bulk modulus read for each material 


types normally assigned in a linear 
analysis) 


21-S0)ESREADe 4 ma (Shear modulus read for each material 


types; snormaliy assigned yin a linear 
analysis) 


31-40 ACOEF Care) (Shear strength parameters associated 


with cohesion given by 2C cos¢/(1- 
sind); needed if shear failure has 
to be considered) 


41-50 BCOEF C *) (Shear strength parameters associated 


with 02 given by 20. sind/(1-sind); 


needed if shear failure has to be 
considered) 


Overburden Factor Cards 


If NREADD’= 1.#theXcard’s Ifor'a(8) sare omitted. 
(az) /@a adh 49 (TS ) 


1-5 NOBSET (Code to identify whether the generation 
of.overburden factors is required in the 
problems wh the ana bysrs “fs “linear 
NOBS Fi’ =-%G fand the following “(b),’ (cy, 
(d) and (e) are omitted) 
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hbdn Sanda 2) (dS, 


1-5 NSTEPF (Number of steps considered in the 
generation of overburden factors; 
normally equal to the number of steps 
for the analysis) 


onemererd 3.4655 ) 

Te5> BNSIEPE (If generation of overburden factors is 
not needed for a particular step . 
NSKIPF = 0 and (d) and (e) are omitted) 

(d)e Cardi 4/4345) 


1-5 Mdl (The first element number in the step 
considered) 


6-10 NUMELF (The last element number in the step 
considered) 


11-15 NGROUP (Number of sets of elements for which 
the overburden factor is to be generated 
in the step considered) 


(e) Cards = NGROUP (215) 

1-5 NEL] (ihes tars t. element. number ot a seb of 
elements to which the overburden factor 
to be assigned) 

6-10 NEL2 (The last element number of a set of 


elements to which the overburden factor 
to be assigned) 


Procedures (c) to (e) are to be repeated for each step. The 


following example provides an explanation for (c) to (e). 


3 %3 density of material 
for elements 39 to 44 


h Yo density of material 
or elements 27 to 38 


h v4 densaityhot materia | 
for elements 11 to 26 
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When a non-linear analysis has to be performed for 
gravity loaded structures the initial moduli are computed 
for each element considering the overburden pressure at the 
mid height of the element. In the sketch shown above there 
are 34 elements in a particular step. The overburden factor 


for the element 26 can be defined as: 
OBFAC(26) = (y,h,/2 + Yoh, + ygha)/(y,h,/2) 


OBFAC(M) = 1.0 is automatically set in the program and: hence 
need not be considered in the generation. In the present 

example elements 11 to 14, 27 to 32 and 39 to 44 will have an 
overburden factor equal to unity. For this example the cards 


to be supplied are as follows: 


NS KDR =) e5] 

J] NUMELF NGROUP 
iil 44 2 
NEL | NEL2 

B5 26 

os 38 


CO} ma riaxial-besteUata Gontrol. Cards lacard)m( cle, ereo uy 


1-5 NCELP (Number of confining pressures at which 
triaxial test -data is-supplied-as input) 


6-10 NSTRN (Number of axial strain points at which the 
triaxial data is supplied) 
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11-20 CUONFAC (Conversion factor used to convert the 
tpn tan ebest mesuilts ta the units in 
which analysis is performed) 
If the analysis is linear or non-linear without using digital 
representation of triaxial stress-strain data a blank card 
Gorm OMMmnasm OMe Subst tutedeand (10). {11} and (12) are to 


be omitted. 


lO mcGclimpnessire: Canam) macard) (LOT 5.0) 
(Petneestest results are to be supplied say at 0. 5, 


lijeesOmand40 psi cele pressure Values, the input 1s as fol lows: 


Ves) 0.0 
b= 10 ae 
1b315€atGs0 
16720) C88.0 
ee UU 


MiWyAxial Straineandeveyiatoricgsthess.Catds, (Cards = NSTRN) 
Cle Ste) 
Fach card will have the axial strain punched in the 
first five columns and the deviatoric stresses corresponding 
to the various cell pressures (given in (7 Oe) mea tae ast 


particular axial StYValfuate punched in the subsequent columns. 


(12) Axial Strain and Volumetric Strain Cards (Cards = NSTRN) 
GIRS spena 
Fach card will have the axial strain punched in the 


first five columns and the volumetric strain corresponding to 

























ee wl ‘i! 
ld ie 
7 ( Lo 
ia 


ra ¥ i 7 : i) . ‘ 
Tse ee | * : 
is 


* ; 

Pb 

aft tyva9veaa of beau, 404967. noteveunodh»-/ OMAN sone FE Wa en 

at 2etinu odd oF 2tfu2eox teas Istxerat 
(bomr0t19q et. alevhens: ih eth fi heteot cling 


. oth Ur terebie feo? ote dess “ht 
(satotb Satay ‘Jeon ty vsentt-non xo weontl 27 thay ens ott TI | 
: £23 te. neren bein ay 
b%62 insid 6 si6b Pe ree pi aesrie {sixstnd 70 to notds3ng2e1q9% ot 
Al ctoomalfa Sf on 


ot 545 (St). bau (rr) (OF) bee ‘posnstsiee ad of 25d (@) r0t is 
(6 fein’ 74h) O48 Pee im 14! SMS SOR: aj 
.bosttimo sd ) 





(0. a of)’ (bx1s83 tT) 
7¢ .0 36 yse bari qque sd of g16 2d fueat d292. ets #1 im): AWD 
tewolfo? 2s 2f Suga sri eeouTsv Ss ywe29%q nha feq Ob, brs OF reOF 

fe 0. Qinsstth sfaners 
fe st. | eupeO ide publ ae huawalel 
wel | + eons sad hus od a3 





(MATCH = 2eb159) ebi6 
(0.2 Vf) 
oft nit bedonug nterte het xs odd syed JT htw thas i963 
estbnoqesyi029 2sz2ette bfrvotsiveb ane: ‘bas anaufoavavit 2e4tt ait 
atte 


test +6 ((OT) nt navie) eeyus eed Hike 2uori6y ond are 


-20muloo ih eo we ant nt engi Aa ferte bhedsind vst Eo 
i, i. : J 9 Se , ‘2. Ns f bs % hig ty . 


sq 


BOL 


the varjious'cell®*presstres (given in’ (10)) at’ that particular 


axial 


strain are punched in the subsequent columns. Volume 


expansion has to be neglected while giving the volumetric 


Strain se npust. 


Procedures (10) to (12) are to be repeated for each 


material type. 


(13) Stress-Strain Parameter Cards 
PiaNCBEPUSe 0 OnMNANEYS@- O05 @thetoardstfore(i1s) are 
omitted. 
CaneCard |] (F 4080) 
1-10 AP (Atmospheric pressure expressed in the 
same unit as stresses) 
(ome Gards = NUMATE (3h sl0s0)) 
1T]10°7CDR” (2) Parameter Cy for power function 
stress-strain relationship. Refer 
LoOmcenap cer lj. 
11-20 AR ( ) (Parameter a for power function 
stress-strain relationship. Refer 
Comenapterel 1) 
Vlas OEKUR. “eae GPOnssonesardatio: Of athe Material) 
GidvemUption tor. Novlensionpuanalys 1 Seilecard)» (15) 
be5SanKOPT (Equal to zero when "no tension" analysis 
if not needed and equal to one when it is 
needed) 
(15) Option for Analyzing Each Step Once or Twice (1 card)(I5) 


=5 ITOPT (Equal to zero: for analysis once and equa'l 
to one for analysis twice. If the analysis 
1s Linear  110PT = 0) 
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tle} Numbessotasteps and Optionsflfor iConsideration cof 
Shear are card) (215) 


1-5 
GaC 


Viv jmecores El 
If NR 
(a) 
1-5 
(b) 
NELC 


Glo curcent 


16-20 


21-25 


2030 


31-40 
41-50 


ap) 89) 


NSTEPAP(For (a fsingle®step analysis INSTEP =%)) 


NTENS: (If shearofailure is to be considered 
NTENS = 1, otherwise NTENS = 0) 


ement Cards 


EAUDe="0,.thescands for (1/7) are omitted. 


Card | €55) 


NECORE (Number of elements in the core) 


Cards = NECORB/199CN9R4) 


Ke) (The core element numbers corresponding 
to the overall mesh) 


Sie pal Oni ome andm aleGand) (615 4 2F 1.020%. 345) 
NUMELS (Number of elements in the step considered) 


NUMNPS (Number of nodal points in the step 
considered ) 


NUMBCS (Number of boundary points at which 
displacements are specified in the step 
considered) 


NCPIN (Cycle interval for the point of the 
force unbalanced ) 


NOPIN (Cycle interval for the point of dis- 
placements and stresses) 


NC YCM (Maximum number of iterations permitted 
in one step) 


BOWER (Convergence limit for unbalanced forces) 
X FAG (Over-relaxation factor: between 1.8 and 
eS 5) 


LNUM (Current step number) 


ESE dys. yee 
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56-60 NCONSL (If NREADD = 1, NCONSL is set equal 
to one) 


61-65 NWTAPE (If NWTAPE > O the results of the 
current step are written on the tape 
assigned to I/0 unit 3) 


(19) Write on Tape Card (1 card) 
If NWTAPE = 0 the card for (19) is omitted 


1-5 NFWRD (Number of tape files to be skipped 
forward for writing the results of current 
step on a tape on 1/0 unit 3) 


6-10 NBWRD (Number of tape files to be skipped back- 
ward for locating total stress data to 
be used in next step. If NREADD = 0, 
NBWRD is set equal to zero) 


(20) Nodal Loads Control Card (1 card) (15) 


1-5 NLOAD (Number of nodes at which the loads are 
specified in the step considered. If 
NUOAD=..0 4 the icards. for (21) are 
omitted) 


Gi peNodalmtoad Cards (Cards = NLOADY. (15 .-2F 110.0) 


125° N (Nodal number) 


6-15 YLOAD (N) (Y-Load specified for a node in the 
step considered) 


16-25 XLOAD (N) (X-Load specified for a node in the 
step considered) 


(22) NodaleDisplacements Control Card (1) card) (15) 


1-5 NBOUN (Number of nodes at which the boundary 
displacements are specified in the step 
considered ) 
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(23) Nodal Displacements Cards (Cards = NBOUN) (15, 2F 10.0) 
1-5 M (Nodal number) 


6-15 DSY (M) (Displacement in y-direction specified 
for a node in the step considered) 


16-25 DSX (M) (Displacement in x-direction specified 
for a node in the step considered) 
(24)"= Read: tape Cards (2 Cards) 

TeeNGONSE = 0,0 thercards tor (24) are omitted. 

(obec ardas le 2) 5y) 

1-5 NCODE GI TEANCUD Em -ROS pore pressures in the core 
for current step are read from a tape on 
DOU st were) 

6-10 NFPPR (Number of tape files to be skipped for 
locating the pore pressure data needed 
in the next step) 

(Deedee 2a ( 15)) 

1-5 NFTST (Number of tape files to be skipped for 


Toca (ideo Ladges eS S eda Caused) alia mie 
current step) 


Procedures (18) to (24) are to be repeated for each step. 


Bes ListingnotfiPrnogram 


A listing of the program is given as follows: 
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TwO DIMENSIONAL FINITE ELEMENT PROGRAM WITH CONSTANT STRAIN TRIANGULAR 


ELEMENTS OF 6 DEGREES OF FREEDOM FOR EACK ELEMENTe 


° 


ORIGINAL PROGRAM DEVELGPED BY EeLeWILSON (UNIVERSITY OF CALIFORNIAs:1962) 
PROGRAM MODIFIED BY ZeEISENSTEIN (UNIVERSITY OF ALBERTA*s1969) AND 

AeVeGe KRISHNAYYA (UNIVERSITY GF ALBERTAs 1970) AND 

Te Ce LAW (UNIVERSITY OF ALBERTAs® 1972) 


MAIN PROGRAM 


DIMENSION AND COMMON STATEMENTS 


OIMENSION HEAD(18) sNP( 750 010)2SXX(750s9) sNUMER( 600) 9 
LSXY (750s 9) 9 SYX(75099) »SYY( 75099) »NAP (750) »NPNUR(500) sXORDR(S00) » 
2YORDR(500)+XLOR(5CO0)»YLDOR(500 ) »DSXR( 500) sO0SYR( 500) +TAD( 750)» 
3TAL( 750) »GAMV(1400) » 

ANPIR(600) sNPJR( 600) sNPKR(600) oLM(2) 0A(606) 2B( 696) 9S (606) s THETA(SO) 

COMMON/AREAI/Z AJ (1400) sBJ (1400) sAK( 1400) »BK (01400) 

COMMON/AREA2Z XORD(750) eYGRD(750)eNPI (1400) »NPJ (1400) sNPK(1400) >» 

1 NPNUM (750) »NUME( 1400 ) » NUMNP » NUMEL » NU MBC» NANL YS» JMsNSTEP 

COMMON /AREASZ 
1 ST(20+8)2SL( 2028) »SD( 2001008) sVS( 2001098) sNUMAT 
2NCELP» CONFACs NSTRN 

COMMCNZAREA4SZ XLOAD(750) sYLOAD( 750) eDSX(750) sDSY¥(750) sOSXQ(750)+ 
1 DSY.Q(750) »XN(750 9 YN(750) «RPS 750) »DEXGT( 750) sDSYQT(750) 5 
2XLDADI (750) «YLOAD1 (750) »XLCAD2( 750)» YLCAD2( 750)» SLOPE( 60) »NPB( 60)» 
BNFIX(60) »PIN(750) »P3N( 750) sKOUN( 750) »X¥NO750) 

COMMCN/AREAS/EBULK (1400) » ESHEAR (1400 )oPA(1400) »MAT(1400) sRO( 1400)» 
1XV(1400) s¥V(1400) sXYV(1400) sEPXV (1400) sEPYV(1400) + XMAX(1400), 
DEMAX(1400)9 EMIN(1400)»XVT( 1400) » YVT(1400) »X¥VT( 1400) sEPXVT(1400) » 
Z3EPYVT (1400) sNELC (600) VEL (1400) »OBFAC(1400) » SIGM1 s BULKM » SHEARM 
4s SI1GM29S1GM3eXMIN(1400) »XVT1 (1400) sVVT1 (1400) »XVVT1(1400) 

COMMON/AREAG/ NK» ITOP Ts NITER sJEJ 2 AP 9 COR(8) 2 AR( 8) »XUR(E) » 


1CD(1400) »AA(1400) »XU(1400) 
OIMENSION ROREAC(8) » EBREAD ( 8)» ESREAO( 8) »ACOEF (8) » BCOEF (8) 


READ PROBLEM CONTROL CARDS 


READ(5+6) NREADD 
IF (NREADD.eGT-0) GO TO 608 
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162 


3167 


3168 


3174 
3166 


3000 


READ(5»100) HEAD 
WRITE( 6299) 
WRITE(62100)HEAD 


READ (501 )NUMEL » NUREL »NUMNP » 
1 eNTAPE 


WRITE( 62101 ) NUMEL 
WRITE(6e 825)NUREL 
WRITE( 62102 )NUMNP 
WRITE( 6. 824 )NURNP 
WRITE(6.103)NUMBSC © 
WRITE(6:2000) NUMAT 


READ ELEMENT DATA 


NURNP » NUMBC » NUMAT» NANLY Se ITANLYS» IGEN 


READ(5 +9) (NUMERCON) sNPIRON) sNPIRCN) »NFKRON) » N=» NUREL ) 


READ NCDAL DATA 


READ (55 3) 


CNPNUR (M) oXORDR(M) eYOROR(M) »XLCR(M) sYLDR(UM) >» 


2DSXR(M)»DSYR(M) »M=1 »NURNP) 


GENERATION OF NOT READ ELEMENTS 


DO 161 N=1.NUREL 
M=N41 

IF (M=NUREL) 1625162+162 
J=NUMER(M )—NUMER(N) 
TF (1-1 )1 6321635164 
L=NUME RCN) 
NPA=NPIR (CN) 
NPC=NPKR (N ) 

K=0 

KO=2*K 

KE=1 

IO=1+1 

IFC IGENeEQ-0) GO TO 3000 
00 3166 JO=1.10 
J=JC-1 

LJ=L+J 

NUME(LJ) =NUMER(N)+J 
IF (2-KE) 3168.3168+3167 
NPI( LJ )=NPA+KO 

NP JCLJ )=NPA-1+KO 
NPK(LJ )=NPC+KO 

GO TO 3174 

NPI(LJ )=NPAt+KO 

NPJ (LJ )J=NPC+KO 
NPK(LJ)=NPC+1+KO 
K=K+41 

KO=K 

KE=0 

KE=KE+1 

CONTINUE 

GO TC 161 

DO 166 JO=1+10 
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167 


168 


169 
171 


172 


174 
166 


163 


161 


186 
154 


188 


189 


191 
159 
158 


J=JO0-1 
LJ=L+J 


NUME (LJ) =NUMERON) +4 
IF (2-KE) 1692168167 


NPI(LJI=NPAF+KO 
NPJ( LJ )=NPA-1+KO 
NPK(LJ)=NPC+KO 
GO T9 174 

NPI (LJ )=NPAtKO 
NPJ(LJ)J=NPC+KO 
NPK (LJ J=NPC+1+KO 
GO TO 174 


IF (3-KE) 172 01712166 


NPI(LJ )=NPA+KO 
NPJ(LI)I=NPC4#+14+KO 
NPK(LJ)J=NPC+2+KO 
GO TO 174 

NPIC(LJ )=NPAtKO 
NPJC LJ J=NPC+2+KO 
NPK(LJ)=NPA41+4+KO 
K=K41 

KO=2*K 

KE=0 

KE=KE+1 

CONTINUE 

GG TO 161 
L=NUMER(N ) 

NUME (L )=NUMERCN) 
NPI(L)=NPIR(N) 
NPJ(LJ=NP IRON) 
NPK(L)=NPKRON) 
CONTINUE 


GENERATION OF NOT READ NODAL POINTS 


DO 151 M=1.NURNP 
N=M4+1 


IF(N-NURNP) 15251522186 
I=NPNUR(N)=—NPNUR (M) 


GO TO 154 

1=0 

L=NFNUR(M) 
1o0=I+1 

DO 156 JO=1,10 
J=JO-1 

LJ=Lt+J 


NPNUM(LJ )=NPNUR (M) +J 
IFCI-O) 188.188» 189 


XORD(LIJ)=XCROR(M) 
YORD(LJ)=YORDR(M) 
GO TO 191 


XORD(L J) =XORDR(M) + (CXORDRCN)—XORDROM)IZTI*S 
YORD(LJ) =YOROR(M) + ((YORDR(NI=YGROR(M) IT I*J 
IF(J-O) 15851582159 
IFC J=-1) 15721535156 


XLOAD(LIJ)=XLDR(M) 
YLOAD(LJ)=YLOR(M) 
DSX(LJ)=DSXR(M) 
DSY(LJ)J=OSYR(M) 


328 


BSE : 































cee ey 'GAa4 ray 
top errr i a 

:* 000 ue PP oy 9 
Phy Se dds 18 he oR 5 ee Ae . 


tessti 
L+ (A) SaMUM = (LBM ; 7 
Toseeoeeees CaaeSIee i7 


OAFAIM=ILID ISK ger - 
. ON*29W=(LUILGM \ 
OA+L+OGMNs( bt (ey 
#¥r OT Od : 
BOTeIVEeSTECAMKEDFl GOL 
ONFAIMS(LIIIGH ITE . 
O44 4 D9N=4L4)L GK — 7 
OA+S459K=(04)4N9M 
sy | aT 6d oq 
OM+a9K=(LI)19N str. 
ON4S499K=(LI 39K 4 
stellata learsrecker4 
iter 
a*S=0"— 
o=34 ) 
ie34=5m OTE 
SUMITMOD Bat 
tat oF od 
(VS SMUNSy Ear 
_ (VW) RaMuUM=( 4) 3Mun 
(M)ATSM=t4DISGK 
(HP ALO=( IES : 
(HW AAqH=(AaM 
‘ senna fat ) 


s A “a 
2THIe9 sA@oM GABA Tov 30° Sakae: 


AUAUK. f=M tet ea 


ase eSOLeS2r. pha rod 


Lad tSC¢m>RaROX=(AIHOAOX)? + OH) FOROK= 
LaCTANC(MISOROY—(u)RAROY)) +¢ 





sag 


GO TO 156 

153 XLOAD(LJ)=XLOR(N) 
YLOAD(LJ)=YLDR(N) 
OSX(LJ)=DSXR(N) 
DSY(LJ)=DSYR(N) 
GO TO 156 

157 XLOAD(LJ)=0 
YLOAD(LJ )=0 
DSX(LJ)=0 
DSY(LJ)=0 

156 CONTINUE 

151 CONTINUE : 

608 IF (NREADDeGT-O) CALL RTAPES(1 ) 


c INITIALIZE TOTAL DISPLACEMENTS AND STRESSES AND STRAINS 
606 O00 10 J=1.NUMNP 
DSXQ(J)=0-0 
OSYQ(J)=0.0 
10 CONTINUE 
DO 11 J=1s+NUMEL 
XV( J) =060 
VV(J)=0. 
XYV(J)=06 
EPXV(J)=064 
EPYV(J)=0.- 
11 CONTINUE 
WRITE(65111) 
WRITE(62109) (NPNUM(M)+XGROC(M) ee YORD(M) sXLOAD(M) sYLOAD(M) » 
1OSXCM) sDSY(M) »M=1 »sNUMNP ) 
IF (NREADD-eGT.-0) GO TO 466 


(<= 
Cc 
C READ BOUNDARY CONDITIONS. 
Cc 
¢ 
2 REAO(564)(NPB(L) »sNFIX(L)sSLOFE(L)> L=1». NUMBC) 
Cc 
Cc 
466 WRITE( 6.112) 
WRITE (6s4)(NPB(L) sNFIX(L)eSLOPE(L) » L=1 »NUMBC) 
Cc 


TIF (NREADD.-GT-O) GO TO 56 
¢ ASSIGN PROPER MATERIAL NUMBER IF NECESSARY 
DO 854 f=1+.NUMEL 
854 MAT(I)=1 
READ(526) MATN 
IFCMATNeEQe0) GO TO S56 
NMAT=0 
5000 IF (NMATeEQeMATN) GO TO 56 
READ (5220) MsMAT(M) 
MM=M 
READ (5220) M»sMAT(M) 
NMAT=NMAT 4#(M—MM) +1 
LL=MM+1 
5002 IF (M-tLL) 5000+5000,5003 
5003 MAT(LL)I=MAT(M) 
LL=LL+1 
GO TO 5002 


C ACOEF=2 eC*¥COS (PHI )/(1e-SIN(PHI ) ) s8BCOEF=2 e*SIN( PHI ZC 1-SIN(PHI) ) 


PSE 
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READ MATERIAL PROPERTIES. 


tate) 


850 


S57 


DO 850 I=1,NUMAT 


READ(S22010) ROREAD(1)+sEBREAD(I ) sESREAD(I) eACOEF(I) » BCOEF (I) 
WRITE(6s2020)ROREAD (1) sxEBREAD(I )sESREAD(1)»ACOEF (I) »-BCOEF(I) 


CONTINUE 

DO S7 N=1.5NUMEL 

I=MAT(N) 

RO(CN)=ROREAD(I1) 
EBULK(N)=EBREAD(TI) 

ESHEAR(N J=ESREAD(I) 

IF (NREADDeEG-O) OBFAC(N)=1-0 
CONTINUE 


READ OVERBURDEN FACTOR 


READ TRIAXIAL TEST DATA CONTROL CARD. 


48 


fa) 


aanNn 


INTERPOLATE INITIAL MCDULI FOR ALL ELEMENTS 


18 


IF (NREADD.-GTe0) GO TO 48 
READ (5*6) NOBSET 

IF (NOBSETeEQe0) GO TO 48 
CALL FACTOR 


READ(Ss2021) NCELPsNSTRN»CONFAC 


IF(NCELPeEQe0) GO TO 44 


CALL TESTO 


DO 600 M=1+ NUMEL 
IFCROCM) eLE«0-0) GO TO 600 
I=NPI(M) 

J=NPJCM) 

K=NPK(M) 
VY1=ABS(YORD(1)-YCRO( J) ) 
Y2=ABS(YORD(J)—-YORD(K) ) 
Y3=ABS(YORO(K)—YORC(1)) 
DEPTH=0.0 

IFC Y1-eGTeDEPTH) OEPTH=Y1 
IFCY2.GTeDEPTH) DEPTH=Y2 
IFCY¥3e¢GTeCEPTH) DEPTH=Y3 
DEPTH=DEPTH/2. 

NCOUNT=0 

N=MAT (CM) 

OBP=DEPTH*RO(M) *OBFAC(M) 
AVGSIG=0BP*0e5 

NC CUNT=NC CUNT+#1 
SIGM1=O0BP 

SIGM2=AVGSIG 
SIGM3=AVGSIG 

SIGOCT=( SIGMI+SIGM2+SIGM3)/36 
SIGIN=SI GM1*S1IGM2*SIGM3 
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OLE ; 
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CONF S=SIGIN/(SIGOCT**2) 
OIVOCT=SQRT (CSIGMI—SIGM2 )**2+( SIGM2—SIGM3) ¥*24 (SIGM3—SIGM1 )**2) 
DIVOCT=DIVOCT/3.6 
00 720 J=1*sNCELP 
JLS=J 
IF( CONF S—-SL(JeN)) 7217202720 
720 CONTINUE 
72i CONTINUE 
DO 790 K=1.NSTRN 
JS1=K 
IF (CDIVOCT=SD(K»JLS—-10N)) 7515790790 
790 CONTINUE 
791 CONTINUE 
DO SO K=1,NSTRN 
JS2=K 
IFC DIVOCT=-SD(KsJLSeN)) 1450956 
50 CONTINUE 
$1 CONTINUE 
PR1I=1.2061*(VS(JS1sILS—-19N)—VS(JS1—15 JLS—15N) )/( STC JUS1 oN)—ST(JS1I—1 
IFCPR1 eGTe0-49) PR1=0.49 
PR2=1-061*(VS(JS2.,dLS eNI—VS(IS2—1.4JLS »NIISCST(CIS2 »NI—ST( US2—1¢ 
1N))-1-0 
IFCPR2 eGT e049) PRE=0-49 
PR3=PR1+ (CPF2-PR1)*( CONFS=SL(JLS—1.N))/(0SL( JLSsN)—SL( JLS—1 9 N))) 
IFC PR3eGTe00e49 ) PR3=0-49 
CONST=PR3/(1--PR3) 
HPR=OBP* CONST 
HPR=CHPR+tAVGSIG)/26 
CSTRS=ABS(HPR=AVGSIG) 
IF(CNCCUNTeGEe21) GO TO 52 
IF CABS (HPR-AVGSIG)-LTe0-01) GO TO 52 
AVGSIG=HPR 
GO TO 18 
S2 CONTINUE 
DIF1=SDC JS1 sJLS—15N)—SD(JS1—1,J5JLS—19N) 
ETPI=DIFI/SCSTC ISI ¢NI—ST(JSI—1.N)) 
GTPI=ETP1/(0-9428*(1.-+PR1)) 
OIF2=SD( JS2 sJLSsNI—SOC(JS2—15JLS0N) 
ETP2=DIF2/( STC JS29N) -ST(IJSZ—15N)) 
GTP2=ETP2/(0-9428*(1-+PRZ2) ) 
GTP=GTPI+ (GTP2—-GTP1)*(CONFS =-SL(JLS—-15N))/( SLC IJLS2N)—SL( JLS—19N) ) 
GTP=1006. *GTP 
EBULK(M)=GTP*2 o*¥(10e+PR3)/4(2¢*( 1 -—-2e*FRS) ) 
ESHEAR(M)=GTP 
600 CONTINUE 
IFC(NCELPeNE°0) GO TO 46 
44 IFCNANLYSeEQGe0) GO TO 46 
CALL DITEST(1) ’ 
46 WRITE(6,110) 
IF (NREADD-eEGe0) GO TO 60 
DO 61 N=1>+NUMEL 
61 RO(N)=0.9 


PRINT ELEMENT DATA 


60 WRITE (6.2055) (NUME(N) »sNPICN) sNPJON) eNPKOCN) » EBULK(N) »ROCN) e ESHEAR(N 
12.2 MAT(N)» N=1 »NUMEL) 
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IF (NTAPE*GTeO) WRITE (3) NUMEL»NUMNP»NUMBC eNUMATeNANLYS 
IF (NTAPEeGTeO) WRITE (3) (XORCOOCN) »sYORD(N) sXLOAD(N) 2 YLOAD(N) » 
1TOSXO(N) »sOSYCN) »sN=1eNUMNP) 
IF (NTAPE*GTeO) WRITE( 3) (NUMECN) sNPIC(CN) sNPJOCN) sNPKON) sEBULK(N) » 
TROON) s ESHEAR(N )e MAT(N) e OBFAC(N) » N=1 5 NUMEL D 
IF (NTAPE.GTe¢O) WRITE(3) (NPBCN) »sNFIXCN) sSLOPE(N) »N=1 » NUMBC) 
IF (NTAPE*GTeO) ENOFILE 3 


READ PARTICULAS ABOUT CURRENT STEP. 


nnNnaan 


READ(Ss6) KOPT 
READ(5.6) I TOPT 
READ(S5s20) NSTEPsNTENS 
IF (NREADD-EQe0) GO TO 32200 
DO 3273 N=1+»NUMNP 
XLOAD1 (N)=0.0 
YLOAD1 (N)=0-0 
XLOAD2(N)=0 20 
YLOAD2 (N)=0-0 
3273 CONTINUE 
ITANLYS=0 
C READ THE NUMBER OF ELEMENTS IN THE CORE FOR THE GIVEN STAGE OF CONSTRUCTION 
READ (S5e6) NECORE : 
C READ THE CORE ELEMEAT NUMBERS CORRESPONCING TO THE OVER ALL MESH 
READ (523250) (NELCC(I) »1=1 »NECCRE) 
3250 FORMAT (1914) 
3200 00 SOO JM = 1,NSTEP 
READ( 5.13 )NUMELS » NUMAPS sNUMEBCS sNCP IN eNOPINes NCYCMs TOLER» XFACsLNUMe 
1 NCONSL »sNWTAPE 
IF (NWTAPE.GT.O) READ (52920) NFWROD»NEWRD 
NUMEL=NUMEL S 
NUMNP=NUMNPS 
NU MBC=NUMECS 
OO 761 N=1+.NUMNP 
TAD(N)=0.0 
TAL(N)=0-0 
761 CONTINUE 


READ BOUNDARY LOADS FOR CURRENT STEP 
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READ(S»6) NLOAD 

IF(NLOADeEQ-0) GO TO 4050 

O00 4051 I=1sNLOAD 

READ(5:s602) Ns VYLOADCN) »XLOAD(N) 

IFC YLOAD(N) eNE 2000) TALCN)I=20 

IFC XLOAD(N) eNEe0e0) TAL(N)=1-0 
4051 CONTINUE 


READ BOUNDARY DISPLACEMENTS FOR CURRENT STEP 


anaaNn 


4050 READ(5%6) NBOUN 
IF(NBOUNeEQe0) GO TO 41 
OO 601 N=1+ NBOUN 
READ(5.602) MsOSY(M) sDSX(M) 
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IF (DOSY(M) «NE e060) TAD(M)=2-0 
IF(DSX(M) eNE e020) TAC(M)=1-0 
CONTINUE 

WRITE (65101) NUMEL 

WRITE( 69102 )NUMNE 
WRITE(6,103)NUMBC 

WRITE (62104)NCPIN 
WRITE(6,105)NOPIN 
WRITE(6e1C6)NCYCM 
WRITE(6e107)TOLER 
WRITE(65108)XFAC 
WRITE(60117)LNUM 

NITER=0 ; 
IF (NCONSLeGT.0) CALL RTAPES(2) 


INITIALIZATICN 


NC YCLE=0 
NITER=NITER+1 
NUMPT=NCPIN 
NUMOPT=NOPIN 
DO 175 L=1»+ NUMNP 
DO 170 M=1;9 
SXX(L»eM)=0-0 
SX¥(LeM)=0-0 
SYX(L»M)=0-0 
SYY(L»2M)=0-0 
NP(L»M)=0 
NP(L210)=0 
NP(L>51)=L 


MODIFICATION OF LOADS AND ELEMENT DIMENSIONS 


NERRKOR=0 

DO 180 N=1» NUMEL 

IT=NPICN) 

J=NPJION) 

K=NPKCON) 

AJON)=XORD(J)—-XORCE(T) 
AKCN)=XOROD(K)—XORCO(IT) 
BJCN)=YORD(J)-YORD(T) 
BK(N)=YORD(K)—YORC(T) 

AREA=( AJ (N) #8K (NI =EJS (ND *AKOND D720 
IF (AREA) 70157015177 

CONTINUE 

DL=AREA#RC(N) 3.6 

YLOAD (1)=YLOAD(1I)-OL 

YLOAD (J)=YLOAD(J)—OL 

YLOAD (K)=YLOAD(K)—OL 

IF (NCONSL-EG-0) GO TO 3260 

IFC ITOPT «GT eOeANDeNITEREQe2) GO TO 62 
XV TON) =—-XVT (N) ~UEL CN) 
YVTON) =-YVT ON) -UEL O(N) 
XYVT(CN)=—XYVT ON) 

XVT1ON)=XVTON) 

YVT1LCNI=HYVTON) 

XYVT1ION) =XYVTCON) 

IFCITOPT oGTe0eANDeNITER*EQe1) GO TO 63 
XVTON)=XVT1 ON) 

YVTON) =VVT1ICN) 
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XYVTCONJ=XYVT1ICN) 
63 XLOAD2C1)=XVTON) ®(BKON) -BJON)) 72 0# XY VT ON) CASON I-AKON) 72 04XLOAD2( 
11) 
XLOAD2 (J) =“ XVT(N) #EK(N) S20 tXYVT(N) ¥AKO(N)/204+XLOAD2Z(I5) 
XLOAD2(K J=XVTCN) *BJ ON) 72 0-XVVT ON) FAJSON) 72 04+XLOAD2(K) 
YLOAD2 (I =YVT (ND CASON) AKON) 272 ot XYVT O(N) *(BK(NI-BICN) 72 0+YLOAD2 ( 
11) 
YLOAD2 (45 D=YVT O(N) #AKON) 42 0—-XYVTON) *¥BK(N) /26+YLOAD2 (J) 
YLOAD2 (K ) =-YVT (N) #AJON) 72 04XYVT O(N) *BJ(N) 720+ YLOAD2 (K) 
3260 IFCAREAeGTe0-0) GO TO 180 
701 WRITE(6s711)N 
NERROR=NERROR+1 
180 CONTINUE 
IF (NCONSLeEQ-0) GO TO 3271 
DO 3270 N=1 »NUMNP 
XLOAD (N)=XLCAD(N)+XLOAD2(N)—-XLCADI CN) 
YLOAD(N) =YLOAD (N) +YLOAD2(N)—YLOADI(N) 
IF CITOPT-GTeO eANDeNITEReEQe1) GO TO 64 
XLOAD1 (N)=XLOAD2(N) : 
YLGAD1 (N)=YLOAD2(N) 
64 XLOAD2(N)=0-0 
YLOAD2(N)=06.0 
3270 COGNTINUc 
3271 CONTINUE 
IFC NERROR-GTeO) GO TO 925 


FORMATION OF STIFFNESS ARRAY 


DO 200 N=1. NUMEL 
AREA=(AJ(N)*BK ON) =AK(N)* BION) )¥* 05 
COMM=0e25/AREA 

A(@1 91)=BJ(N)—BK ON) 

A(1»2)=0.0 

A(1.3)=BK(N) 

A(1.5)=—BJ(N) 

A(1+6)=0-0 

- A€2s1)=0-0 

A(222)=AK(N)-AJCN) 

A(2s3)=0-0 

A(€2s4)=-AK(N) 

A(2:5)=0.0 

A(€2s6)=AJS(N) 

A(€301)=AK(NI—AICN) 

A(322)=BI(N)-BK(N) 

A(323)=-AK(N) 

A(354)=BK(N) 

AC3e5)=AJI CN) 

A(326)=-BJ(N) 

IFCIANLYSeEQe0) COM1 =EBULK(N )+ESHEAR(N)*(4 0/30) 
IFC IANLYSeEQe0) COM 2=EBULK(N J—ESHEAR(N) *(2 0/30) 
IF CIANLYS eGTeO) COM1=4 «*ESHE AR(N) * (EBULK (N ) +E SHEAR (N) 73 0) /(EBULKON 
1240 40/32) XESHEAR(N) ) 

IFC IANLYSeGTe0) COM2=2¢ *ESHEAR(N)* (EBULK (N) — (26/36) ¥ESHEAR(N) 1/7 (EB 
LULKO(N) 404 0/36) XESHEAR(N) ) 

BC 1isil)d= COMM*CCM1 

B(1.2)=COMM*COMe 

B(123)=0-0 

B(201)=COMM*COM2 

B(2°2)=COMM*COM1 

B(223)=0-0 
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182 


183 


184 


206 


210 


B(321)=0.0 
B(3s2)=0-0 
B(323)=COMM*ESHEAR(N) 


0O 182 J=1.+6 

OO 1821=1,3 

S$(1+J)=0.0 

OO 182 K=1e3 
SCT»sJIHSCIsJI+BC 1 sk) *ACKsJ) 
O00 183 J=1:+6 

DO 183 1=1,3 

BC Js TI=SC1s, J) 

DO 184 J=156 

OO 184 I=1:6 

S(1IsJ)=0-0 

OO 184 K=1,3 
SCTsJI=HSCI+JI+ BCI oKI*XACK oJ) 


LM(1)=NPI(N) 

LMC2)=NPICN) 

LM(3)=NPK(N) 

O00 200 L=1;33 

DO 200 M=1.3 

LX=LM(L) 

MX=0 

MX=MX+1 

IF OCNP(LXeMX)—LM(M)) 19051955190 
IFONP(LXeMX)) 18551955185 
NP(LX.MX)=LM(M) 

IF(CMX-10) 196,702+702 

SKXCLX sMXI=SKX(LKeoMK) +S (C2¥L—1.2%M—1 ) 
SKY(LX oMXI=SXY (LX oMXI+S(24L—192*M) 
SYXOCLXsMX)=SYX(LXoMX)4#S(2%L 2 2*M—1) 
SVYCLX oMXI=SYV(LXeMX)4S(24L52*M) 


COUNT OF ADJACENT NOCAL FOINTS 


DO 206 M=1+.NUMNP 

Mx=1 

MX=MX+41 

IF (NP(MeMX)) 20622062205 
NAP(M)=MX=-1 


INVERSION OF NOCAL PCINT STIFFNESS 


DO 210 M=1+.NUMNP 
COMM=SXX(Mo1)*SYY(Ms1)—-SXY (Mol) *SYX(Mel ) 
TEMP=SYY(Me1)/COMM 
SYV¥(Me1)=SXX(Me1)/7COCMM 

SXX(M¥,1)=TEMP 

SXV¥(Ms1)=—-SXY( M21) /COMM 
SY¥X(Me1)=—-SYX(Me1l)/7COMM 

CONT INUE 


MODIFICATION OF BOUNDARY FLEXIBILITIES 


DO 240 L=1»NUMBC 

M=NPB(L) 

NP(Mo1)=0 

IFCNFIX(L I-11) 22522202215 
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215 


220 
225 
230 
235 


240 


243 


244 


275 


280 


285 
290 


300 
305 
310 


315 
320 


400 


430 
440 


975 


C=(SXX (Mel) *¥SLOPE(LI—SXY(Ms1))/0SVX( Mol ) ¥SLOFE(L)—SYY(Ms1)) 
R=1e-C*SLOPE(L) 
SXX(Mo1)=(SKX(Ms1)—C¥SYX(Ms1))/R 

SXY (Me 1) =CSXY (Mol )—C¥SYY(Mo1))/R 
SYX(Ms1)=SXX(Mso1)*SLOPE(L) 
SYY(Mo1)=SXY(Mo1)*SLCPE(L) 

GO TO 240 

SYY (Me 1)=SVY(Mol )—SYX (Mol) ¥SXY¥(Ms1)/SXX(Mo1) 
GO TO 230 

SYY(Ms1)=0-0 

SXX(Ms1)=0.0 

SXY(Ms1)=020 

SYX(Me1)=020 

CONTINUE 


ITERATION OF NODAL POINT DISPLACEMENTS 


KOUNT=0 

WRITE( 6,119) 

KOUNT=KOUNT+41 

SUM=0-0 

DO 290 M=1+NUMNP 

NU M=NAFCM) 

IF (SXXOMeol)*+SYY(Me1)) 275229029275 
FRX=XLOAD(M) 

FRY=YLOAD(M) 

DO 280 L=2,NUM 

N=NP (MeL) 
FRX=FRX-SXX (MeL) ¥DSX (NI—SXY¥C Mel ) #0SY (N) 
FRY=FRY-SYX (MeL) *¥OSX (NI—SYYCMsL) #OSY (N) 
OX=SXX (M31) *FRXtSXY(Mo1)*FRY-DSX(M) 
DV=SYX(Mol) *FRX+SYY(Ms1)*F RY-DSY(M) 
IFCSXX(Meol) eEQ@eOeOe ANDoSXY¥ (Mol ) eEQe000) DX=060 
OSX (M)=0SXK(M)+XFAC*DX 
DSY(M)=DSY(M)+XFAC*xDY 

IFCNP(Ms1)) 285522902285 

SUM=SUM+ ABS (DX/SXX (Mo1))+ABS(OY/SYY(Ms1)) 
CONTINUE 


CYCLE COUNT AND PRINT CFECK 


NCYCLE=NCYCLE+1 

IF (NCYCLE=NUMPT) 305%s3002300 
NUMPT=NUMPT+NCPIN 

WRITE (62 120)NCYCLE»SUM 

IF (SUM=TOLER) 40024002310 

IF (NCYCM-NCYCLE) 4C024005315 
IF (NC YCLE-NUMOPT) 2442202 520 
NUMOPT=NUMCPT+NOPIN 


PRINT OF DISPLACEMENTS ANO STRESSES 


CONTINUE 

IF (SUM=TOLER) 440+440:430 

IF (NCYCM=NCYCLE) 44024402243 

WRITE( 62975) SUMs TOLER 

IF (SUMeEQ-0-0) GO TO 1851 

FORMAT (SHOSUM=1E15¢6»6HT CLER=1E15-6) 
DO 421 N=1.+NUMEL 

I=NPICN) 
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J=NPJCN) 

K=NPKCN) ; 

EPX=(BJCN)—BKON) )*¥COSX(1)4BK(N) *DSX (J )—BI ON) ¥DSX(K) 
EPY=(AK(NI—~AJON) )*XOSYCT)—-AKON) €DSY (J IFAS (CN) ¥DSY(K) 
GAM=CAKON)I-AJON) )*DSXCTI-AKON) ¥DSX (J I4AS (ON) ¥DSXCK) 
1¢4¢(BICNI-BKOCON)) *OSY (1)+BK(N) *DSY (J)—-BI(N) #D0SY(K) 
COMM=1 o/ (AS (N) ¥BK(N)—AK(N)*BICN)D 

IFCIANLYSeEGe0) COM1=EBULK(N)+ESHEAR(N)¥(4 0/36) 
IFCIANLYS2EQe0) COM2=EBULK(N)—ESHEAR(N)#(2 0/36) 

IF CIANLYSeGT-0) COM1=4.*ESHEAR(N )*(EBULK(N) tESHEAR(N)/3¢)/( EBULK(N 
1)+(04e/36-) *ESHEAR(N)) 

IF CIANLYSe¢GTeO) COM2=26¢*ESHEAR(N)*(EEULK(N)—(2 0/36) *ESHEAR(N) )/(EB 
TULK(N) (4 6/32) *ESHEAR(N) ) 

COM3=E SHE 4R(N) 

X=COMM*(COM1*E PX4+COM2*EPY) 

Y=COMM* (COM2*EPX+COM1*EPY ) 

XY=CCMM*CCOM3*GAM 

XVONJ=XV ON) 4X 

YVCNJ=YV OND +Y 

XYVCNI=EXYV OND XY 
EPXV(N)=EPXV(N)4+(EPX*1000¢)/( ASO N) *BK (CN) -AK(N) *BION) ) 
eel eae eee NOU EIR EL C0 2) 7 CAS LN) ZERUNIOARCNI SBI CNY) 
GAMVON)=GAMV(N)+GAM*100.*CCMM 

C=(XVON) +YVON) 7220 
R=SQRT(CCYVCNI-XVON))7200)**24+XYVCN) ¥%2) 

XMAXCN)=C+R 

XMIN(N)=C=R 
PACN)=00S*57e¢29578#* ATAN( 2e*XYV(NISOCYVCN)=—XVOCN))) 

IF (2¢*XV (O(N) —XMAX(NI—XMIN(ON)) 405 54205420 

IF(PACN) ) 41024200415 

PA(N)=PA(N) +90 20 

GO TO 420 

PACNJ=PA(N)—-90 20 

ANG=PA(N)*11-6/7E€30. 

CC=COS (ANG) **2 

SS=SIN(ANG) **2 

SC=COS(ANG) ¥SINC ANG) 

EMAX(N )=EPXVON) #CC+EPYV (N) *SS=SC¥GAMV(N) 

EMIN(CN J=EPXV(N) *SS+EPYV (N)*CC4#+SCXGAMV O(N) 

IFC ITOPT-eEQe0) GO TO 421 

IFCNITEReEQe2) GO TO 421 

XVONJ=XVON)—X 

VYVCNI=YV (CN) —-Y 

XYVON) =XYVCN)—XY 

EPXV (N J=EPXV(N )—(EPX*1000¢ )/CAJSON) *BK CNI—AKOCN) *¥BICN) D 
EPYV (NI=EPYV(N)—CEPY #100 0) /(CAJSON) ¥BK ONI—-AK(N) ®BJCN) ) 
GAMV(N)=GAMV(N)—-GAM*1006¢*CCMM 

CONTINUE 


C FIND THE MAXIMUM AND MINIMUM PRINCIPAL STRESSES 


631 


S$1G1=0.9 

S1IG2=0-0 

M1=0 

M2=0 

DO €30 M=1+NUMEL 
IFCXMAX(M)eLTeSIG1) GO TO €31 
SIGI=XMAX(M) 

M1=M 

IFCXMIN(M) e¢GTeSIG2) GO TO 620 
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SIG2=XMIN(M) 

M2=M 

CONTINUE 

WRITEC62117) JM 

WRITE (62633) (SIG1»M1sSIG2eM2) 


DO 650 J=1l.eNUMNP 

IFC ITOPT eEGel e ANDeNITERCEQ 01D GO TO 770 
XLOAD( J) =0-0 

YLOAD(J)=0.0 
XORD(J)=XORD( J) #D0SX( J) 
YORD(J)=YCRD(J)+DSY (J) 

DSXQ(J )=DSX( I) 40SXO( J) 

DSYQ(J J=DSY(J) +DEVOCI) 
DSX(J)=0-0 

DSY(J)=0-0 

GO TO §50 

OSXQ(J )=OSXK( J) +DSxXQ( J) 
DSsyatJ)=DSY(J)+DSYQCJ) 

IF CITOPT «EQel -ANDeNITERSEG 1) GO TO 20 
WRITE (62122) NENUM (J) eDSXQ(J) 2sDSYQCJ) 
OSXQ( J I=DSXQ(I)—-DSX (J) 
DSYQ(J)J=DEYQ(JS) -DSY (J) 

IFC TAC(I) eEGQel 20) DSY(J)=0 20 
IF(TAD(J) -NE°0-0) GO TO 5001 
DSX(J)=0 -0 

DSY(J)=0.0 

IF (TAL (J) -EQe1l -0) YLOAD( J) =0-0 
IF (TAL (J) eEQe200) XLOAC( J)=0 20 
IF (TAL(J) -NE 20-0) GO To 650 
XLOAD( J) =0-0 

YLOAD( J) =0-0 

CONTINUE 

IF CITOPT cE Gel -ANCeNITER EQ ol) GO TO 8002 
DO 6006 JJ=1»NUMNP 

KOUN( JJ) =0 

XN( JJ) =0 - 90 

YNC IJ )=020 

XYN(JJI)=020 

CONTINUE 

DO 6007 N=1i»+NUMEL 

DO 6007 II=153 

IF (II-EQe1) JJ=NPICN) 

IF (II -EQe2) JJ=NFICN) 

IF (11-EQ-3) JJ=NPK CON) 

KOUN( JJ) =KCUN( JJ) +1 

XN( JS) =XNCSIIAXVON) 

YNC JID =HYNC SID FYVON) 

XYN CJS D=XYNC II) #XVV ON) 

CONT INUE 

po 6008 JJ=1+2NUMNP 

RK=KCUN( JJ) 

XNC IS) =XN(CISIDZRE 

YN(C JJ) =YN (JJ) ZRK 
XYN(IJSI=EXYNCJIIZRE 

C=UXNC JJ I FYNC SI) D720 

R=SQRT CCOYNC ISD HXN OSI) 72 0 HH ZEXYN CIID KZ) 
P3N(JJI=C+R 

PIN(CJJ)J=C—-R 


SEE 
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RPS(JJ)=P3N( JJ) /PIN( JJ) 
6008 CONTINUE 
8002 IF (KOPT.EQ.0) GO TO 664 
IFC ITOPT eGTe0. ANDeNITER cEQ ol eANDeKOPTe&GTeO) GO TO 664 
IFC KOUNT.GTe1) GC TO 681 
WRITE( 65121) 
WRITE(6,122)(NPNUM(M) »DSXQ(M) sO0SYQ(M) eM=1sNUMNP) 
WRITE(6,123) , 
WRITE(63124) (NUME(N) »XVON) oYVON) e XYVON) oXMAX (CN) eXMIN (N) 9PA (ND 5 
LTEPXV(N)»s EPYV(N) »EMAX (N)sEMIN (N)eK=15NUMEL) 
681 IFC(NSTEP.EQe1) GO TO $25 
IFC JMeEQeNSTEP) GO TO 925 
IF(SIG1eLE.20-005) GO TO 664 
C TENSILE STRESS REMOVEC 
DO 660 M=1s NUMEL 
IFC XMAX(M)eLE2060) GO TO 660 
ANG=PA(M) *116/€30. 
I=NPI(M) 
=NPJ(M) 
K=NPK (M) 
AJ(M)=XORD(J)—XORD(T) 
AK(M)=XORD(K)—XORC(1) 
BJ(M)=YORD(J)-YORD(I1) 
BK(M)=YORD(K)-YORE(1) 
AJ1=A3(M) *COS( ANG) +B85(M) *SIN(ANG) 
BJ1=—-AJ(M)*SIN(ANG) +B (M) ¥COS( ANG) 
AK1=AK (M) *COS (ANG) BK (M) #SINCANG) 
BK1=—AK(M)*SIN (ANG) +EK(M) #COS(ANG) 
R1 I=XMAX (M) *(BK1—-BJ1)/26 
R1II=-R1I 
R1J=—XMAX(M) *BK1/26 
RI J=-R1U 
RIK=XMAX(M)*BJ1/26 
R1IK=-R1K 
XMAX(M)=0 00 
XVOM)=XMINCM) *(SINCANG) **2) 
YV(M)=XMIN(M) * (COS CANG) 2) 
XYV(M)=XMINOM) *SIN CANG) *COS( ANG) 
IFCXMIN(CM) eLE*060) GO TO 661 
R2 I=XMIN(M)*(AJI-AK1)/26 
R2I1=-R21 
R2J=XMIN(M) *AK1/26 
R2J=-R2JN 
R2K=~XMIN(M) *¥AJ1/2¢ 
R2K=-R2K 
XMIN(M)=0.0 
XV(M)=0.0 
YV(M)=020 
XY¥V(M)=020 
XLOAD( I) =COS(ANG)¥R1 I#XLOAD( I)—SINCANG) *R21 
XLOAD( J) =COS( ANG) ¥R1 J#XLCAD( J)—SINCARG) *R2I 
XLOAD(K) =COS (ANG) *R1K+XLOAC( K)—SIN (ANG) *R2K 
YLOAD( 1)=SINCANG)*R1 IFYLCAC(1)4CCS (ANG) ¥R21 
YLOAD( J) =SINC(ANG) *R1IJ+YL CAC (J) 4+COS (ANG) *R29 
YLOAD(K) =SIN( ANG) *R1K+YLOAD(K)+COS (ANG) ¥R2K 
GO TO 660 
661 XLOAD(1)=COS(ANG)¥*R1II+XLOAD( 1) 
XLOAD( J) =COS( ANG) *¥R1J4XL CAC(I) 
XLOAD(K) =COS( ANG) *RIKtXLOAC(K) 
YLOAD(1)=SIN( ANG) *RIIFYLOAC( 1) 
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660 


664 


3050 


340 


YLOAD( J) =SINC ANG) *RIIFYLCAC(Y) 

YLOAD(K)=SINCANG)*RIKtYLOAC(K) 

CCNT INUE 

WRITE (636) KOUNT 

GO TO 243 

IFCITOPTeGTeOe ANDeNITEReEQe1) GO TC 764 

WRITE (6.5121) 

WRITE (69122) (NPNUM(M) sDSXG(M)sDSYQ(M) »M=1 ¢NUMNP) 

WRITE (6.123) 

WRITE (629124) (NUME(T) sXVC I) sYVC IT) »XYV(I) oXMAX( I) eo XMINCI) »PACI) » 
LTEPXVCI Ys EPYV(T) seEMAX( 1) sEMIN( I)» I=1 2 NUMEL) 

WRITE (6.3051) 

WRITE(6s 3050) (XN(T) sYN(C I) eXYNCT)sP1NCT) eP3NCI) eRPS(I) » IT=1 ¢NUMNP) 
FORMAT (2X .6E12.5) 

IF (NWTAPE.eGTe0) CALL SKIP (NFWRO.O.2) 

IF (NWTAPE.’GT2O) WRITE (3) LANUM»+sNUMNP.NUMEL 

IF(NWTAPE*GT~20) WRITE (3)(NPNUM( 1) »DSXQ( I) sDSYQ(I) »s1=1 ¢eNUMNP) 

IF (NWTAPE*GTeO) WRITE (3) (NUME(T) eo XVCI)5YVC I) sXYV( I)» XMAX(I)¢ 
LXMIN(T),PA(T)» EPXV(I) sEPYV(I)s EMAX( 1) sEMINCI ) 9 T=1eNUMEL) 

IF (NWTAPE*GT*O) WRITE (3) (XNC IDs YNCI) eXYNCI) sPIN( I) +PSN(I)¢ 
LRPSCI) »T=1»NUMNP) 

IF (NWTAPEeGT-O) ENDFILE 3 

IF (NWTAPE.GTeO) CALL SKIP (NBWRDs023) 


INTERPOLATE MCDULI FOR TRE NEXT STEP OR FOR REPETTETION OF SAME STEP 


764 


950 


26 
27 


DO S01 JJ=15NUMEL 

NCOUN=0 

IFC ITOFT-£EQ-0) RO(JJ)=0-0 
IFOCNITER eEQe2) RO(JJ)=0.0 

IF (NANLYS-eEQe0) GO TO £01 

IF CKOPT .s GTe Oe ANDeo ITOPT eEQel eANCeNITER eEGel eANDe XMAX(JUJ) eGEe 000) GO 
ITO 501 

AVGSIG=ABS(XMAX( JJ) ) 

IF CXMAX( JJ) eGEe«0e0)AVGSICG=0 -001 
OIVS=ABS( XMIN( JJ) )-AVGSIG 
DIVS=ABS(DIVS) 

N=MAT( JJ) 
DIVSF=ACOEF(N)+8COEF (N) ¥ABSCXMAX( JJ) ) 
IF CXMAX( JJ) eGE e000) DIVSF=ACOEF(N) 
SIGMI=ABS(XMIN(JJ)) 
SIGM2=(AVGSIG+SIGM1)/2. 
SIGM3=AVGSIG 

IFCIANLYSeGTe0) SIGM2=0.0 
IF(NCELP-EG-0) GO TO &£2 
NCOUN=NCOUN#1 

SIGOCT=( SIGM1+SIGM2+SIGM3)/3. 
SIGIN=SI GM1 *SIGM2*SIGM3 
CONFS=SIGIN/(SIGOCT**2) 
DIVOCT=SQRT(CSIGMI—SiIGM2)**24(SIGM2—SIGM3) **2+ (SIGM3—SIGM1 )**2) 
OIVOCT=DIVOCT/3.~ 

DO 26 J=1,NCELP 

JLS=J 

IFC CONFS-SL(JeN)) 27926526 
CONTINUE 

CONTINUE 

DO 28 K=1,NSTRN 

JSI=K 
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IF(DIVOCT-SD(KsJLS—-10N)) 29228,28 
28 CONTINUE 
29 CONTINUE 
OO 751 K=1+NSTRN 
JS2=K 
IF(DIVOCT-SD(KsJLSoN)) 7525751751 
751 CONTINUE 
752 CONTINUE : 
PR1=1-061*(VS(JS1 »sJLS—1 oN) —VS(JS1—-1 sJLS—19N) D/S( STC ISI SNI-ST(CIS1—-1, 
1N))-1-0 
IFCPR1 oGTe0249) PR1I=0-49 
PR2=1-061*(VS(US2eJLS seN)J—-VS(IYS2—1+I5LS oNIISZCSTCIS2sNI—-ST(JS2—-1 « 
1N))-1-0 
IF CPR2eGTe0649) PR2=0.49 
PR3=PR1+ ((PR2-PR1)*( CONFS=SL(JLS—-1eN)I)/(SL(0IJLS9N) —-SL( JLS—1 5N))) 
IFC PR3eGTe0e49 ) PR3B=9049 
DIFI=SO( JS1 » ILS—1 9N) -SOCISI—155LS—-1.N) 
ETPI=DIFI/SCST(CIS1I+NI—STCISI—-15N) ) 
GTP1=ETP1/(0.9428*(1.-+PR1)) 
DIF2=SD( JS2 sJLSeoNI—SO( JSZ—15 ILS oN) 
ETP2=DIF2/(ST{ JS2eN)—STCIS2—15N)) 
GTP2=E TP2/(029428%(1.e+PR2) ) 
GTP=GTP1+ (GTP2—-STP1 )*¥(CONFS —-SL(JLS—-15N))/0°0SL(CILSeNI—SLCJLS—16N)) 
GTP=1 006 *GTF 
BULKM =GTF*2 eo *(1 0+ PRS) (20* (1 e-2e*PR3S) ) 
SHEARM=GTP 3 
IFCIANLYSeGT20) GO TO 852 
SIGMM2=PR3%* (SIGMI+SIGM3) 
SIGMM2=(SIGMM24+SIGM2)/2. 
STRS=ABS (SI GMM2=-SIGM2) 
IFCNCOUN-eGEe11) GO TO e651 
IFCABS(SIGMM2—SIGM2)eLTeO0-01) GO TO e51 
SIGM2=SI GMM2 
GO TO 950 
851 CONTINUE 
8S2 IF (NCELPeGT-0) GO TO 8000 
J NK=N 
JEJ=JJ 
CALL DITEST(2) 
8000 IF(NITEReEQel ) TEBULK=BULKM 
IF CNITER e£Qe2) EBULK( JJ )=BULKM 
IF CITOPT -GTeOe ANDeNITEREQ el DEBULK (JY )=(EBULK( JJ) +TEBULK)/26 
IF CITOPT eEQ.0e6ANDeNITER EQ el DEBULK( JJ )=TEBULK 
IFCNITER*EQe1) TSHEAR=SHFEARM 
IFOCNITER eEGoele ANDeCIVSeGEeCIVSFeANDeNTENSeGT 00) TSHEAR=EBULK(JJ)I/5 
10. 
IFC NITER eEQe2) ESHEAR(JJ)=SEFEARM 
IF (CNITER eEQe2e ANDe CIVSeGEeDIVSF eANCeNTENSe GT 00) ESHEAR( JJ) =EBULK(J 
1J5)750. 
IF CITOPT eGTeOeANDeNITEReEQ ol JDESHEAR( JJ I= (CESHEAR(C JJ) +TSHEAR) /26 
IFC ITOPT eEQe0e ANDeNITERe EQ el DESHEAR( JJI)I=TSHEAR 
IFCESHEAR (ISIS) eo GT 0 (1 eS45*EBULK( JJ) ) DESHEAR( JJ) =1-¢4S5S*EBULK (JJ) 
IFC ESHEAR( JJ) eL Te (EBULK( JI)/50 2) DESHEAR( JJ V=EBULK( JJ I/S0 6 
501 CONTINUE ; 
IF CITOPT-EGele ANCeNITEReEQe1) GO TO 3l1 
WRITE( 6,110) 
WRITE (6s 2055) (NUME(N) seNPICN) eNPIOCN) eNEKON) »>EBULK(N) »ROC(N) sESHEARCN 
1). MAT(N) >» N=1.NUMEL ) 
31 IFC ITOPT-EQ-0) GO TO 500 
IFCNITER eEQe1) GO TO 160 
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CONTINUE 
GO TO 925 
PRINT OF ERRORS IN INPUT DATA 


WRITE(6.712)LX 
FORMAT STATEMENTS 


FORMAT (1015S) . 

FORMAT (11£,3143;4E12.4,1F 84) 

FORMAT (1554F10-0s2F12-8) 

FORMAT (215,1F€&.3) 

FORMAT (3615.8) 

FORMAT (115) 

FORMAT (14.6F8.0) 

FORMAT (214+2F8.0) 

FORMAT (415) 

FORMAT (6155 2F10.0s,=15) 

FORMAT (215) 

FORMAT (7FS.0) 

FORMAT (1X. *LATSTRESS* s€X* 6F8e3/) 

FORMAT (1X5 *STRAIN' s3Xe1F602s 6F8e3/) 
FORMAT (1 2F6-0) 

FORMAT (141) 

FORMAT (1 8A4) 

FORMAT (30HONUMBER OF ELEMENTS =114/) 
FORMAT (30H NUMBER GF NOCAL POINTS =114/7) 
FORMAT (30H NUMBER OF BOUNCARY PCIANTS =114/7) 
FORMAT (30H CYCLE PRINT INTERVAL =114/7) 
FORMAT (30H OLTPUT INTERVAL GF RESULTS =114/) 
FORMAT (30H CYCLE LIMIT =114/7) 
FORMAT (30H TOLERANCE LIMIT =1£120e4/) 
FORMAT (30H OVER RELAXATION FACTOR =1F603) 
FORMAT (30H LIFT NUMBER =1147) 
FORMAT (11804F12.6,2F12.8) 

FORMAT (74H1EL. 1 J eK EBULK DENSITY ESHEAR 


1MAT NOo ) 


111 


lie 
119 
120 
121 
122 
123 


124 

125 

126 
602 
633 


711 
7i2 


FORMAT (8 0H1 NP '  X=ORD Y-ORD X-LOAD Y-LOAD 
i x-DI SP Y-DISP ) 

FORMAT (20H BOUNDARY CONDITIONS) 

FORMAT (34HO CYCLE FORCE UNBALANCE ) 

FORMAT (1112,1E20-6) 

FORMAT (42HONCDAL FOINT X=DISPLACEMENT Y-DISPLACEMENT ) 

FORMAT (1112s2E15-6) 

FORMAT(SHIELNO 4X*e8HX=-STRESS 4Xs8HY-STRESS 3Xe9HXY-STRESS 2Xe10HMA 
1X-STRESS 2Xs1OHMIN—STRESS 2X s9hOIRECTICN 3X0 8HX—STRAIN 3X+s8HY-STRA 
2IN 1Xe10HMAX—-STRAIN 1X010HMIN—STRAIN) 

FORMAT (115,5E12¢5e5E11 64) 

FORMAT (215»3E12.5) 

FORMAT (1149 2612-5) 

FORMAT (15+2F10-0) 

FORMAT (°0O'%,. 
1*MAXe PRINCIPAL STRESS="sF10«eS2"*AND CCCURS IN ELEMe * sI6// 
2°MINe PRINCIPAL STRESS=*sF10-eS5s"AND CCCURS IN ELEMe% eI 6//) 

FORMAT (3S2HOZERO OR NEGATIVE AREA» El eNCeo =114) 

FORMAT (33HOOVER 8 NePe ADJACENT TO NePe NOo1I4) 
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670 FORMAT(//41S5s6F12e€) 
753 FORMAT (215sF10-0) 


823 FORMAT (* 1°. *NODE X-STRESS Y-STRESS XY=STRESS MAXeSTRS 
1 MINeSTRS (P3/P1T) 877) 
824 FORMAT (30H NUMBER OF READ NODAL PCIATS =114/) 
€25 FORMAT (30H NUMEER OF REAC ELEMENTS =114/) 


1010 FORMAT(15»6F5-0) 
1020 FORMAT(15»4F15<6) 
1030 FORMAT(315) 
2000 FORMAT(*O*,*NUMBER OF THE MATERIAL=*.I5/) 
2010 FORMAT(5F10.0) 
2020 FORMAT(* 0 410Xs *DENSITY=® sF150¢6//210X0*BULK MODULUS=* sF15e¢6//510X,> 
1*®SHEAR MODULUS=® 9F15e6// 910Xs *ACOEF= "9 F1506//510Xs *BCOEF e="sF1506) 
2021 FORMAT (215eF10.0) f 
2051 FORMAT (1 CFS.0) 
2052 FORMAT(11F5-0) 
2053 FORMAT(* 0°.10Xs*STRESS—-STRAIN RELATICNSHIPS FOR MATERIAL=* sI1S//) 
2055 FORMAT (15.3144 361224315) : 
6005 FORMAT (1456E15¢S) 
8001 FORMAT (1%, CALCULATED OVERBURDEN FACTOR® o//) 
3051 FORMAT (13HINODE—XSTRESS 2Xs12HNODE-YSTRESS 2Xe13HNODE-XYSTRESS 2X 
10 14HNODE -MAXSTRESS 2Xs14HNOOE-MINSTRESS 2Xs16HNODE-STRESSRAT IO) 


(e 
Cc 
925 STOP 
Cc 
ENO 


SUBROUTINE FACTOR 

CCMMCN/AREAIZ AJ(1400) »BJ( 1400) »AK (1400) »BK (1400) 
COMMCN/AREA2Z/ XORD( 750) » YOGRO(750 )+NPI(1400)sNPI (1400) +NPK( 1400)» 
1 NPNUM(750) »NUME (1400) »NUMNP» KUMEL » NUMBC »eNANL YS» IMs NSTEP 
COMMONZA REAS/E BULK (1400) s ESHEAR(1400 ) »PA(1400)sMAT( 1400) sRO(1400)> 
1XV (1400) » ¥V(1400) sXYV(1400) sEPXV(1400) sEFYV( 1400) » XMAX(1400) » 
ZEMAX(1400)sEMIN(1400) oXVTC1400) s¥VT(14CO) » XYVT(1400) sEPXVT (1400), 
BEPYVT(1400) eNELC(600) +. VEL( 1400) sOBFAC(1400) »SIGM1 » BULKM sSHEARM 
4 oSIGM2e¢SIGM3eXMIN(14C0O) sXVT1(1400) sYVT1(1400) sXYVT1(1400) 

READ (5,6) NSTEPF 

DO 300 N=1,NSTEPF 

READ (536) NSKIFF 

IF (NSKIPFeEQe0) GO TO 300 

READ (527) MJ1+sNUMELF »NGROUP 

00 300 NJ=1 »sNGROUP 

READ (557) NELI»NEL2 

DO 300 M=NEL1,NEL2 

TI=NPI (M) 

JJ=NFIC(M) 

KK=NPK (M ) 

XCENT=(XORD (I1)+XORO( IJ) +XCROCKKII/3 © 
YCENT=(YORD (II )#VYORD( JJ) +YCRO(KKII/3 6 

SAREA=0-0 

ARO=0-0 

DO 500 MJ=MJ1 +. NUMELF 

I=NPICMJ) 

J=NPJ( MJ) 

K=NPK( MJ) 

IF (XORD (I) -EQeXCENT) GO TO 400 

IF (XORD(J) -EQeXCENT) GO TO 400 

IF (XORD(K) -EQeXCENT) GO TO 400 

IF (XCENT .GT eXORD(I) eANCDeXCENT eL Te XORD(J)) GO TO 400 

IF (XCENT eGT eXORE (J) eANE eXCENT eLT eXCRD(K)) GO TO 400 
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IF (XCENT*«GT.XORD(K) eAND eXCENToLTeXORD(I)) GO TO 400 
GO TO 500 

OO YMID=(YORD(I)+VYORD(J)+YCRO(K)I)I/S36 
IF (YCENTeGTeYMID) GO TO SOO 
AJOMJ)=XCRD(I)—XCRO(1) 
AKOMJ)=XORD (K) —XORC(I) 
BJ(MJ)=YORD(J)-YCRDO(I) 
BK(MJ)=YCRD(K) -YORD(1) 
AREA=( AJ (MJ) *BK (MI) —AK (MS) ¥BI (MID) OE 
SARE A=SAREA+tAREA 
ARO=AROtAREA*RO( MJ) 
YMAX=YCENT 
IF (YORO(1) eGTeYMAX) YMAX=YGRD(I) 
IF (YORD( J) «GTeYMAX) YMAX=YORD( J) 
IF (YORD(K) GT eYMAX) YMAX=YORD(K) 


. 500 CONTINUE 


3 


aNnNnnnann 


aNnAaNnNN 


15 


NaNannaA 


YCON=YCEAT 
IF (YOROCII) -GTeYCCN) YCCN=YORD(II) 
IF (YORD(JJ)-GTeYCON) YCCN=YCRCO( JJ) 
IF CYORD (KK) -GTeYCCN) YCCN=YORD(KK) 
OBFAC(M)=((CYMAX=YCENT) *ARO/SAREA)Z (( YCON—YCENT ) *RO(M) ) 
00 CONTINUE 

6 FCRMAT (15) 

7 FORMAT (315) 

8 FORMAT (15,F10.4) 
RETURN 
END 
SUBROUTINE TESTD 


CCNVERSION OF TRIAXIAL TEST DATA FRGM CORVENTICNAL FORM TO STRESS 


INVARIANT FORM AND INTERFOLATICN 


DIMENSION SL(20.% &)sSD0(20010s5 8)eVS(20s102 8)eSIGINV(20010» 8)» 


ITVSTN(20010. 8) 

COMMCNZAREA3/ 

UST(202 8)esSIGINT(20s 8) sTOCTD(20 010s 8) sGOCT({(20e103 8) eNUMAT>» 
2NCELP » CONFACs NSTRN 


READ CELL PRESSURE CATA FOR GIVEN MATERIALS 


00 10 N=1.NUMAT 

READ(5s1010) (SL (JN) oo J=1 sNCELP) 
00 15 J=1sNCELP 

SLC Jos NI=SLCJ2N)*XCOCNFAC 
SIGINT(JeN)=SL(J oN) 

CONTINUE 


READ DEVIATORIC STRESS DATA FOR GIVEN MATERIALS 


DO 20 K=1»NSTRN 
READ(521020) ST(KeN)2(SC(K sJoN) »J=1eNCELF) 
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DO 25 J=1.,NCELP 

SD(KsJ eN)=SO(KeJeoN) XCONFAC 
CONTINUE 

CONTINUE 

WRITE (651030) N 

WRITE( 601040) (SL( Jef) sJ=1sNCELP) 


READ VOLUMETRIC STRAIN CATA FOR GIVEN MATERIALS 


30 


35 
10 


Si 
SO 
45 


60 
61 


55 

70 

40 
1000 
1010 
1020 
1030 
1031 
1040 
1041 
1050 
1060 
1070 
1071 


DO 30 K=1,NSTRN 

READ (531020) ST(KsN) s(VS{KsJeN) eo J=15NCELP) 
WRITE(6:1050) STC KseN)s(VS(KoJeN) o J=1eNCELP) 
CONTINUE i 
DO 35 K=1»NSTRN 

WRITE(6s1050) ST(K»oN)o(SO(KeJeN) » J=1eNCELP) 
CONTINUE 

CONTINUE 

DO 40 N=1+NUMAT 

DO 45 J=1.NCELP 

DO 50 K=1+NSTRN 

PROD= (SL(JoN) ¥*2)*(SD(KeJeoN)+SL(J9N)) 
SIGOCT=SL (J eN)+(SC(KeJeN) S30 

IFC J eEQel eANOCKeEGe1) GO TO £1 

SIGINV( Ke JoN) =PRCD/ (SIGOCT**2) 

IFC JceEQel eANDeKeEGe1) SIGINV( Ks JoN)J=0-0 
CONTINUE 

CONTINUE 

DO 70 I=1.sNCELP 

DO 55 K=1+NSTRN 

DO 60 J=1.NCELP 

JLS=J 

IF(CSIGINT(CIeN)—SIGINV(KeJeN) 161260960 
CONTINUE 

CONTINUE 

TOCTD( Ks IpNI=SD(Ks JLS—1 oN) #(SD( Ks JLS9N)—-SD( Ke JLS—1 oN) )*¥(SIGINT(C ION 


LT —-SIGINV( Ke JILS—15N) D/C SIGINVOC Ks ILS »NI-SIGINV(KsJLS—15N) ) 


TOCTD (Ke T»NI=TOCTO CK oe 1sN)*024714 
VSTNCK oI sN)=VSCK sIJLS—1 oN) +(VS(K op JILSoN)-VS(C Ke ILS~19N) )*¥CSIGINT(IsN) 


1-SIGINV( KeJLS—16N) )S/(SIGINV( Ks JLSeNI—SIGINV( Ke JLS—19N) ) 


GOCT (CK slo N)=004714%(3e*ST(KeN) -—VSTN( Ko IeN) ) 

CONTINUE 

CONTINUE 

CONTINUE 

FORMAT (3159F10-0) 

FORMAT (1 OF5-0) 

FORMAT (11F5e0) 

FORMAT (*0%s *DATA IN CONVENTIONAL FORM FOR MATERIAL NOe* ,IS/) 
FORMAT (*0%,* DATA IN STRESS INVARIANT FORM FOR MATERIAL NOe *s1I5/) 
FORMAT (1 Xs*LATSTRESS® e6Xs1CF&e3/) 

FORMAT (1X9*J3/(SIGCCT )**2* 9 1X,10F 8-37) 

FORMAT (1 Xs" STRAIN® 33X sFEe2s10F8e3/) 

FORMAT (15) 

FORMAT (3F10-0) 

FORMAT (3F 8e324F12<4) 

RETURN 


END 
SUBROUTINE RTAPES (NC) 
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COMMCN/ZAREA2/S XORD( 750) sYORD(750).sNP1(1400)»NPJ (1400) »+NPK(1400)>, 
1NPNUM( 750) »NUME (1400) »sNUMNP eNUMEL sNUNMBC eo NANLYSe JMpNSTEP 
COMMONZAREASZ 
1 ST(2098)sSL(2098) »S0( 209108) sVS( 2001098) sNUMATs 
2NCELP» CONFAC»NSTRN 
COMMCN/AREAS/S XLOCAD(750)sYLOAD(750)e0CSxX( 750) 2s0SV(750) sDSXQG( 750) 5 
1OSYQ(750) »XN( 750) »sYN( 750) »RPS( 750) sO0SXQT(750)sDSYQT(750)> 
2XLOAD1 (750) »sYLOAD1 (750) +s XLCAD2( 750) +s YLCAD2( 750) »SLOPE( 60) »NPB(60) > 
SNFIX(60) »PI1N(750) »P3N(750) »KOUN( 750) »X¥NC750) 
COMMCN/AREAS/EBULK (1400) sESHEAR (1400 )sPA(1400) »MAT(1400)»2RO( 1400)» 
1XV(1400) » ¥V(1400)>xXYV(1400) sEPXV(140C) sEPFYV(1400) »s XMAX(1400)>, 
2EMAX(1400)2EMIN(14C0)sXVT(1400)5YVT( 1400). XYVT( 1400) sEPXVT(1400) > 
SEPYVT(1400) »sNELC( E00) »UEL( 1400) »OBFAC(1400) »SIGM1 s BULKM sSHEARM 
4 oSIGM2 eS IGM35 XMIN( 1400) » XVT1(01400) sYVT1(1400) »X¥YVT1(1400) 
DIMENSION VELC(1400).U( 800) A 


IF (NC eEQe2) GO TC 70 
READ (3) NUMEL »+NUMNP »sNUMBC »sNUMAT sNANLYS 
READ (3) (XORD(N)»sYORD(N) »s XLOAD(CN) oe YLOAD(N) sDSX(N) eDSY(N) » 
1IN=1 »>NUMNP) 
READ (3) CNUME(N) »NPI(N) »sNFJON) »NPKON) eEBULKON) »sRO(N) sESHEAR(N) » 
1 MAT (O(N) sOBFAC(N) »K=1+NUMEL ) 
READ (3) (NPECN) sNFIXOCN) 2 SLOPE (N) sQK=12NUMBC) 
DO 150 I=1+NUMNP 
150 NPNUM(I)=1 
GO TO 100 
70 READ (531050) NCCCE»sNFPFR 
READ (551000) NFTST 
DO 160 I=1+NUMEL 
160 VEL(1)=0-0 
IF (NCODEeEQe0) GC TO 30 
READ (231000) NUMCP 
READ (251017) (U(N) »N=1sNUMCP) 
READ (2.2015) ISTEPsNT»NUMCNsNCOUNT 
E WRITE (622015) ISTEP»sNTsNUMCN»sNCOUNT 
READ (251017) CUELC(N) »N=1 »NUMCN) 
WRITE (651017) (UELC(N) seN=1 »hUMCH) 
CALL SKIP (NFPPReOs2) 
D0O 20 M=1 »NUMCN 
I=NELC (M) 
UVELCI)=UELC(M) 
20 CONTINUE 
30 CALL SKIP (NFTST:003) 
READ (3) UNUM, NUMNP »sKUMEL 
READ (3) (NPNUM(1)2eDSXQTC(I) »DSYQT( 1) sI=1 »NUMNP) 
READ (3) (NUMECT)¢XVTCT)sYVTCI) eo XYVTCI)s XMAXCT) oXMINCI) PAC I)» 
LEPXVT( I) sEPYVT(I) sEMAXC I) sEMINC IY Do T=1 o> NUMEL ) 
READ (3) (XN(1I) oYNC I) eXYNCI) sPIN(T) sFSN(C 1) e2RPSCI) »s T=1 eNUMNP) 
100 RETURN 
1000 FORMAT (15) 
1017 FORMAT (8F10-3) 
1050 FORMAT (215) 
2015 FORMAT (415) 
END 
SUBROUTINE DITEST(N1D) 
COMMON/ZAREA2/ XORD( 750) »YORD( 750) »NP1I(14C00) »NPJ( 1400) sNPK(1400) > 
1 NPNUM( 750) » NUME(1400 ) »NUMNF » NUMEL » NUMBCes NANLYSs JMp NSTEP 
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1 ST(2058)sSL(20,8) sSD( 2041058) »VS( 2001098) »NUMAT >» 
2NCELPsCONFACsNSTRN 
COMMCN/ZAREASZE BULK (1400) sESHEAR(1400)+PA(1400) »MAT(1400)5R0(1400), 
1XVC 1400) -YV(1400) eXYV(1400) sEPXV(140C) sEFYV(1400)»XMAX(1400) > 
2EMAX(1400)2EMIN(C 1400) e¢XVT(1400) »sYVT( 1400) »X¥VT(1400) sEPXVT(140C), 
SEPYVT(1400) »NELC (600) .UEL (1400) eOBFAC(1400)»SIGM1 » BULKM » SHEARM 
4eSIGM2eSIGM3sXMIN(1400) «XVT1(1400) sYVT1(1400) sXYVT1(1400) 
COMMON/AREAG/NK eo ITOPTeNITER s JEJY s AP eo COR(8) 2 AR 8) eXUR( 8) » 
1C0D(1400) »AA(1400)+XU(1400) 
IF (NI1De-EQe2) GO TC 5S 
READ (52301) AP 
301 FORMAT (F10-0) 
O00 302 I=1»+NUMAT : 
302 READ (52303) CDR(1I)sAR(1I)sXURCI) 
303 FORMAT (3F10.0) 
DO 6001 M=1.NUMEL 
I=MAT(M) 
CO(M)=CDR(I) 
AACM)=AR( 1) 
6001 XUCM)=XUR(I) 
O00 6000 M=1.NUMEL 
IF (RO(M)-LEcO60) GO TO 6000 
I=NPI(M) 
J=NPICM) 
K=NPK(M) 
Y1=ABS(YORD(I)-VYORE(J)) 
Y2=ABS(YORD(J)-YCRC(K)) 
YS=ABS(YORDO(K)—-YORD(C1)) 
DEPTH=0.0 
IF (V1 eGTeDEPTH) CEPTH=Y1 
IF (Y2eGTeDEPTH) OCEPTH=Y2 
IF (Y3eGT-eOEPTH) DEPTH=Y3 
DEPTH=DEPTH/2. 
OBP=DEPTH*xRO(M) xOBFAC(M) 
SXU=(1 .0-220*XU(M) )*(1 6O0+XU(M) )7€1 -O—-XUC(M) ) 
ET=(SXU*XOBP*(AP)*¥*AA(M) D/C CDOM)*AA(M) *¥OBP¥XAACM ) ) 
Es EBULK(M)=ETZ (3 e* (1e—-2e*XU(M) )) 
ESHEAR(M J=ET/(2 e¥(16t+XU(M) )) 
6000 CONTINUE 
GO TO 6 
5 SXU=(1 -0—2¢ O¥XU( JES) )¥(1 -O+XU( JEJ) /(1-0—-XU(CJEJ)) 
ET=(SXU*xSIGM1* (CAP) #* AA (JES) )/°( COC JES) X¥AA(C JES) *¥SIGMI 
T** AAC JES) ) 
BULKM =ET/( 3 e* (1 e—-2e*XU( JEJ))) 
SHEARM =ET/(2 o*¥(1 e +XU(CJEJY)) 
6 RETURN 
END 
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APPENDIEX CC 


DETAILS OF MV GAUGE INSTALLATION AND FIELD 


BEDROCK MOVEMENT DATA 


Digi ce | on thiseappendi x thesinstallation details 
of a typical MV gauge in Mica Dam are shown. Each new 
section of casing, which is about 5 feet long on average, 
is installed by excavating a pit of 8 to 10 feet deep in the 
eonpacteds taht. After the installation, finer backfi11 
material is placed and compacted with hand-guided compactor. 
Elevation of the bottom of each casing section is measured 
as installed. This elevation is the original elevation of 
each measuring point along the gauge. The change in elevation 
of the bottom of casing is referred to as the settlement of 
dam fill. It can be noted from the field observation data 
that top two or three sections of casings generally do not 
display any change in elevation at the current fill height 
even though certain magnitude of overburden pressure exists. 

The bedrock movements measured by MV gauges concerned 
aieetnis study are shown wn Figs. C.2 to C.G.) [hese movements 
are plotted against the: elevations of dam fill during con- 
struction. These information have been used to derive the 
incremental boundary displacements which are imposed in the 
anaiysiss described in Chapter VW. errom hig. C2 where the 


movements at the surface and a depth of 30 feet in the bedrock 
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are shown, the compressibilities of the upper bedrock may be 


estimaced and Imsted=as inSlable @. 1 
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APPENDIX D 


DERIVATION OF EMBANKMENT SETTLEMENT EXCLUDING 


THE BEDROCK MOVEMENT 


Vertical or near-vertical movement gauges installed 
in the dam are generally anchored to the bedrock. The 
measured settlements, which are referred to the elevation 
changes of measuring points along the gauges, are the Gesu its 
Of thewcompression of dam fill and bedrock. The general 
shape of the measured settlement profile is shown schemati- 
ColRivecicmincc)) Of Fig. Dal. 

In simplified analyses, bedrock has often been assumed 
as undeformed media. In these cases the comparisons between 
analysis results and field data may be more appropriately made 
if the embankment settlements excluding the bedrock movements 
are known. 

For illustration of the derivation a fill which has 
been placed to a height of h above bedrock esuisndce 1s 
considered and shown in (a) of Fig. D.1. The variations of 
bedrock settlement with the height of fill are assumed as in 
yoke Wp Weel? ee Pe accumulative bedrock settlements when 
the fill reaches elevation A and the current Neagn in ear 
designated with (Sp )p and (Sp), respectively. For measuring 
point A which initial elevation is established after the 


bedrock has deformed (Sp) p> the elevation changes up to the 
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360 
current height may have only included the bedrock movement 
of [(sp)), - (Sp) qJ- Thus, the embankment settlement excluding 
the bedrock movement for measuring point A may be approximately 
determined by subtracting [(5,),, - (dn) q] from the measured 
settlement. The aeeinalenel embankment settlement profile is 
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APPENDIX E 
HYPERBOLIC STRESS-STRAIN RELATIONSHIP PROGRAM 


eines appendix presents the subroutine used for 
describing nonlinear stress-strain behaviour of soil with 
hyperbolic relationship. The method proposed by Kulhawy 
et al., (1969) for deriving nonlinear tangent modulus and 
tangentmearsson ss ratio from triaxial test data is used. 

By replacing this subroutine to subroutine DITEST in Appendix 
B, the analysis with hyperbolic stress-strain relationships 
can be performed. 

For the case when this subroutine is used, item (13) 
of input data procedure in Appendix B has to be supplied as 
follows: 

(aleeeCardrey (cer-Ore0 ) 


jeaiOe AP (Atmospheric pressure expressed in the same 
unit as stresses) 


(b) Cards = NUMAT (8F 8.0) 

PESIeHCR (|) (Cohesion Gc) 

9-16 HIR (  ) (Friction angle ¢ in degrees) 
(Zt AM ee IE) (Modulus number kK) 

PRbeo2PHR Ret bite i) (Failure ratio Re) 

eiewead nebo t (Een ma) (Potssans ratio parameter (G)) 
AY=48\ HFR'( ) (Poisson's ratio parameter fF) 
49-56 HDR ( ) (Poisson's ratio parameter d) 


57-64 HNR (_ ) (Modulus exponent n) 
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SUBROUTINE DITEST(NID) 

COMMON/ZAREA2/ XORDC750) » YORD( 750 )eNFI(2400) sNPU(1400).NPK(1400), 
1 NPNUM(7S5S0) »NUME (1400 ) » NUMNP » NUMEL » NUMBC » NANL YSs JMpNSTEP 
COMMON/AREA3/Z 
1 ST(2098)sSL(02058) »S0(202109E)sVS(20s10%8) sNUMAT 5 
2NCELP»CONFACsNSTRN 

COMMON /ZAREASZEBULK(140C) sESHEAR(1400)+PA(1400 )»MAT (1400 )sRO(1400)>, 
1XV(1400) sYV(1400)5XYV( 1400) sEPXV(1400) sEPYV(1400) sXMAX(1400) » 
2EMAX(1400)sEMIN(1400) 5XVT(1400 )sYVT(1490)2XYVT(1400) sEPXVT(1400). 
SEPYVT(1400) sNELC(E00) sUEL( 1400) ,OBFAC(1400) »SIGM1+BULKM »SHEARM 
4&»SIGM2,SIGMSsXMIN(1400) »XVT1 (1400) sYVT1(1400) »XYVT1(1400) 

COMMON ZAREAG/NK s ITOFTsNITER sJEJ 2 APs COR(8 )s AR(8) sXUR(8) 5 
1€D0(1400) sAA(1400)+XU(1400) 

DIMENSION HCR(8) »sHIR(8)»HKR( &),HRR(8)sHGR(8)sHFR(8) sHOR(8) » 
1HNR(8) 

IF (N1D-EQe2) GO TO § 

READ (53301) AP 

FORMAT (F10-0) 

00 302 I=1+NUMAT 


302 READ (5%303) HCR(I)sHIR( 1) sHKR( I) sHRAC I) otGR(I)sHFR(I)»sHOR(I)> 


1THNR(T) 


393 FORMAT (8F8-0) 


18 


DO 6000 M=1 »NUMEL 

IF (RO(M)eLEe0-0) GO TO 6060 
I=NPI(M) 

J=NP JCM) 

K=NPK(M) 

YI=ABS(YORD(1)-YORD(J) ) 

Y2=ABS( YORD(J)-YCRD(K) ) 
Y3=ABS(YORD(K)-YORD(1)) 

DEPTH=0.-0 

IF (Y¥1eGTeDEPTH) DEPTH=Y1 

IF (Y¥2eGTeDEPTH) DEPTH=Y2 

IF (Y3«e«GTeDEPTH) DCEPTH=Y3 
DEPTH=DEPTH/2. 

NCOUNT=0 

N=MAT(M) 

HC=HCR(N) 

HI=HIR(N) 

HK=HKRON) 

HR=HRR(N) 

HG=HGR(N ) 

HF=HFR(N) 

HD=HDR(N) 

HN=HNR(N) 

OBP=DEPTH*RO(M) XOBFAC(M) 
AVGSIG=OB8P*0.5 

NC CUNT =NCOUNT+1 

SIGMM3=AVGSIG 

XP=(HG-HF*ALOG1 O(SIGMM3/AP))/( 1 e-HO* ( (lel 
1SIGMM3 )7 CHK *AP* (( SIGMM3/ AP ) **HN ) ¥( 1 ¢ ~HR* ( (aisle 
2S IGMM3B )¥* (1 e¢-SIN(CHI*321416/1896) )/( 26 ¥HCXCOSCHI*301416/1 806) + 
320e*SIGMM3*SINCHI *341416/180-)))))**2 
IF (XP eGTe0e480) XP=Ce480 
CONST=XP/(1 »-XP) 
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HPR=OBP*CON ST 

HPR=CHPR+AVGSIG)/2.6 

IF (NCOUNT.GEe21) GO TG 52 

IF (ABSCHPR-AVGSIG)eLTe0.01) GO TO S2 
AVGSIG=HPR 


GO TO 18 
CONT INUE 
ET=( (1 e-HR¥* (1 e-SIN(HI*¥321416/180 .) ) ¥( CBP - 
1HPR ¥7 (26 #HC¥COS(HI*¥321416/180 6) +26 *HPR *SINCHI*3.21416/ 


2180.)))* #2 )*HK*AP* (HPR ZAP) **EN 


ESHEAR(M)=ET/(2¢*(16+XP) ) 
EBULK(M)=ESHEAR(M)*20*(1 0 XP)/( 30 (1 0-20 XP) ) 

CONTINUE 

GO TO 6 ; 

IF (SIGM3 «LE +0300 eAND eo ITOPT GT e0e ANDeNITEReEQe1) ESHEAR(JEJ)=0- 
IF (SIGM3 eLE 00 6300 eANDe ITOFT «GT 00 eANDeNITEReEQe 1) SHEARM=0.0 

IF (SIGM3eLE.0.300 eANDsITOPT eGT e Oe ANDeNITEReEQe2) SHEARM=000 

IF (SIGM3 eLE.0 «300 eANDeITOPT GT eOe ANC eNITER sEQe1) 


1 BULKM==F8 ULK (JE J) 


IF (SIGM3 eLE «0 300 eANDeI TOPT eGTe Oe ANCDCeNITERcEQe2) BULKM=EBULK( JEU) 
IF (SIGM3.LEe0.300) GO TO & 
HC=HCR(NK) 

HI=HIR(NK) 

HK=HKR (NK) 

HR=HRR (NK) 

HG=HGR(NK) 

HF=HER (NK ) 

HD=HDR(NK ) 

HN=HNR(NK ) 

XP=(HG-HF *ALOG10(SIGM3 /AP))/(1 --HKD¥(SIGM1 — 


VSIGM3 )7 (HK*¥AP¥((SIGM3 /AP)*4HN)¥*(1 e¢-HR*¥(SIGM1 = 
2SIGMS )* (1 e—-SIN(H1*3 01416/1806) )/( 26 FHC ¥COS(F1*¥301416/1 80.) + 
S2e*SIGM3 *SINCHI*321416/180-)))))**2 


IF (XP.GT20-4680) XP=0.480 
ET=((1e-HR*(16¢-SIN(CHI*301416/1802))¥*¥(SIGMI — 


LTSIGM3 )/ (26*HC*COS( HI¥361416/180.)+20*SIGM3 ¥*SIN(HI*301416/ 


2180.)))**2 )*HK*AP*(SIGM3 /AP)**HN 


6 


SHEARM==T/(2¢%*(1e+XP) } 

BULKM=SHEARM*®2 o*(16+XP)/(3e*(1 e-—-2e*XF) ) 
RETURN 

END 
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